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SUMMARY 
The o b j e c t i v e  o f  t h i s  p r o g r a m  w a s  t o  establish t h e  t e c h n o l o g y  f o r  small, high-  
p r e s s u r e ,   l i q u i d   h y d r o g e n  (LH2) pumping c a p a b i l i t y .  Turbopumps i n  t h i s  cate- 
gory are n e e d e d  f o r  a p p l i c a t i o n s  i n  small, high-performance,  reusable ,  versa- 
t i l e ,  s taged-combust ion  rocke t  engines .  
To accomplish the a b o v e  o b j e c t i v e ,  a n a l y s i s  a n d  d e s i g n  e f f o r t  w a s  expended 
t o  p r o d u c e  s p e c i f i c a t i o n s  a n d  s h o p  d r a w i n g s  i n  s u f f i c i e n t  d e t a i l  t o  p e r m i t  
f a b r i c a t i o n  o f  test hardware.  The d e s i g n   i n c l u d e s  a t h r e e - s t a g e   c e n t r i f u g a l  
pump w i t h  r a d i a l  d i f f u s e r s  a n d  i n t e r n a l  c r o s s o v e r s .  Power t o  t h e  pump is 
developed  by an ax ia l - f low,  two-s t age ,  r eac t ion - type  tu rb ine ,  u s ing  the  
combust ion  products   of  LH2 a n d   l i q u i d   o x y g e n   ( L 0 2 ) .   R o t o r   a x i a l   t h r u s t  
c o n t r o l  is provided  by  incorpora t ing  a se l f -compensa t ing ,  double-ac t ing  
b a l a n c e  p i s t o n  as a n  i n t e g r a l  p a r t  o f  t h e  t h i r d - s t a g e  i m p e l l e r  rear shroud.  
The r o t o r  is suppor ted  on  a p a i r  o f  b a l l  b e a r i n g s  o n  e a c h  e n d .  A l l  b e a r i n g s  
are coo led  by r e c i r c u l a t i n g  LH2 i n t e r n a l l y  t h r o u g h  them. A con t ro l l ed -gap ,  
s h a f t - r i d i n g  sea l  is u s e d  t o  p r e v e n t  t u r b i n e  h o t  g a s e s  f r o m  e n t e r i n g  t h e  
pump reg ion .  The n o m i n a l  d e s i g n  s p e e d  o f  t h e  r o t o r  w a s  e s t a b l i s h e d  a t  9947 
r ad / s  (95 ,000  rpm) . 
Hardware  f o r  two  turbopump as sembl i e s  was f a b r i c a t e d .  Two types   o f   impe l l e r s  
were i n c l u d e d :  (1) a n  i n t e g r a l  i m p e l l e r  whose  f low  passages were formed  by 
e l e c t r i c a l - d i s c h a r g e  m a c h i n i n g  ( E D M ) ,  and ( 2 )  a s p l i t  i m p e l l e r  w h i c h  w a s  
f a b r i c a t e d  by machining i n  two p ieces ,  then  weld ing  to  form the  assembly .  
O n l y  t h e  i n t e g r a l  i m p e l l e r s  were u t i l i z e d  d u r i n g  t h e  t e s t i n g  c o v e r e d  b y  t h i s  
r e p o r t .  
A ho t -gas  gene ra to r  was des igned  wi th  a f i lm-cooled body  and  an i n j e c t o r  
similar t o  t h e  e n g i n e  p r e b u r n e r  t o  make  maximum use  o f  ex i s t ing  combus t ion  
technology.  The gas   gene ra to r  w a s  t e s t e d   o n  LIMA s t a n d  i n  t h e  P r o p u l s i o n  
Research  Area a t  Rocketdyne ' s   Santa   Susana   F ie ld   Labora tory  (SSFL) f o r  a 
t o t a l  o f  1 5  t es t s  r e s u l t i n g  i n  acceptable  hot-gas   thermal   gradients   and satis- 
f ac to ry  ha rdware  cond i t ion .  
The t u r b i n e  w a s  c a l i b r a t e d  a t  W i l e y  L a b o r a t o r i e s  u t i l i z i n g  g a s e o u s  n i t r o g e n  
(GN2) as t h e  d r i v i n g  medium.  The o u t p u t  w a s  measured  with a torquemeter .  
The t u r b i n e  e f f i c i e n c v  w a s  measured a t  79%  compared w i t h  a p r e d i c t e d  d e s i g n  
value  of   75%. 
The LH2 turbopump assembly also was t e s t e d  a t  LIMA s t a n d  of Rocketdyne's  Pro- 
pu ls ion   Research  Area. Ten t e s t s  were conducted  on  one  turbopump  assembly, 
accumula t ing  a t o t a l  time of 884 seconds.   Liquid  hydrogen was used as t h e  
pump f l u i d ,  a n d  t h e  t u r b i n e  was propel led  by  ambient - tempera ture  gaseous  
hydrogen ( G H 2 ) .  The t e s t  speed  ranged  up  to  9739  rad/s  (93,000  rpm). Pump 
d i s c h a r g e  p r e s s u r e s  r a n g i n g  up t o  2883 N / c m 2  (4182  ps i a ) ,  and  f lowra te s  up 
t o  0.032 m 3 / s  (509 gpm) were gene ra t ed .  
I 
A n a l y s i s  o f  t h e  f l u i d  d y n a m i c  d a t a  r e v e a l e d  t h a t ,  a t  speeds below 8376 r a d / s  
(80,000 rpm) ,  the  genera ted  pump head w a s  as p red i . c t ed  and  the  pump i s e n t r o p i c  
e f f i c i e n c y  w a s  s l i g h t l y  h i g h e r  t h a n  p r e d i c t e d .  A t  speeds   approach ing   t he  
des ign  level,  the  per formance  of t h e  pump f i r s t  s t a g e  d e t e r i o r a t e d  somewhat, 
c a u s i n g  t h e  o v e r a l l  h e a d  t o  f a l l  b e l o w  t h e  p r e d i c t e d  v a l u e .  The d a t a  a l s o  
d i s c l o s e d  h i g h e r - t h a n - p r e d i c t e d  t e m p e r a t u r e s  f o r  t h e  c o o l a n t  of b o t h  b e a r i n g  
sets. 
The mechanical  operat ion of  the turbopump gave evidence of  a b a s i c a l l y  s o u n d  
des ign .  The e n t i r e  i n i t i a l  tes t  series w a s  performed  on a s i n g l e  b u i l d ,  a n d  
t h e  s p e e d  l i m i t a t i o n  o f  9739 rad/s  (93,000 rpm) was imposed only the by dr ive 
gas   supply.  No ev idence  of s t r u c t u r a l  f a i l u r e  o r  d e t r i m e n t a l  r o t o r  v i b r a -  
t i o n s  w a s  p resent .   Disassembly  of the  turbopump  revealed  only  minor   hardware 
d i s c r e p a n i c e s .  
2 
INTRODUCTION 
Sys tem s tud ie s  have  been  conduc ted  to  de t e rmine  the f e a s i b i l i t y  o f  d e v e l o p i n g  
a r e u s a b l e  v e h i c l e  f o r  p e r f o r m i n g  f u t u r e  Air Force and NASA space maneuvering 
mis s ions .  These s t u d i e s  have shown tha t ,  ove r  the t h r u s t  r a n g e  o f  in te res t ,  
h igh-pressure ,  s taged-combust ion-cyc le  engines  of fe r  the h i g h e s t  s p e c i f i c  
impu l se  and  pay load  capab i l i t y .  A review o f  t h e  v e h i c l e  a n d  e n g i n e  s y s t e m  
s t u d y  r e s u l t s .  i n d i c a t e s  t h a t  a s ingle-bel l -nozzle ,  s taged-combust ion-cycle  
e n g i n e  a t  88,964 (20,000 pounds )  t h rus t  level is  near optimum f o r  t h e  DOD 
and NASA miss ion  r equ i r emen t s .  
This program w a s  i n i t i a t e d  t o  p r o v i d e  t h e  r e q u i r e d  h y d r o g e n  turbopump tech- 
nology base  for  subsequent  deve lopment  of  a high-performance, staged-combus- 
t i o n  r o c k e t  e n g i n e .  
Technology items o f  p a r t i c u l a r  i n t e r e s t  d u r i n g  t h e  c o u r s e  o f  t h e  c u r r e n t  d e v e l -  
opmen t  p rogram inc lude  f ab r i ca t ion  o f  impe l l e r  pas sages  by  EDM; s p l i t  i m p e l l e r  
d e s i g n  a n d  f a b r i c a t i o n  t e c h n i q u e s ;  b a l a n c i n g  o f  small, h igh - speed ,  mu l t ipa r t  
s h a f t s ;  h y d r o g e n - e m b r i t t l e m e n t  p r o t e c t i o n ;  b a l a n c e  p i s t o n  d e s i g n  a n d  o p e r a t i o n ;  
h igh  DN bear ings;  and assembly and measurement  procedures  for  small turbopump 
a s s e m b l i e s .   I n   a d d i t i o n ,  work w a s  performed  on  concentr ic-element  L02/LH2 
i n j e c t o r s .  
The o b j e c t i v e s  o f  t h i s  p r o g r a m  were t o  d e s i g n ,  f a b r i c a t e ,  and tes t  a high- 
p r e s s u r e  LH2 turbopump capable  of  meet ing the performance requirements  of  the 
8 8 , 9 6 4  N (20,COO pounds)   thrust ,   s taged-combust ion-cycle   engine;   demonstrate  
i t s  b a s i c  c a p a b i l i t y ;  a n d  i d e n t i f y  a n y  areas w h e r e  a d d i t i o n a l  e f f o r t  d u e  t o  
t e c h n o l o g y  l i m i t a t i o n s  i s  r e q u i r e d  t o  p l a c e  a fu ture  engine  program on  a s o l i d  
b a s i s .  
Rocke tdyne  has  a s s igned  the  des igna t ion  "Mark 48-F Turbopump" t o  t h e  small, 
h igh -p res su re ,  LH2 turbopump  des ign   genera ted   under   th i s   cont rac t .  The two 
terms w i l l  b e  u s e d  i n t e r c h a n g e a b l y  t h r o u g h  t h i s  r e p o r t .  
3 
DISCUSSION 
ANALYSIS AND DESIGN 
ASE Engine  Conf igura t ion  
The o b j e c t i v e  o f  t h i s  p r o g r a m  w a s  t o  e s t a b l i s h  t h e  t e c h n o l o g y  b a s e  f o r  small, 
h igh -p res su re  LH2 pumping c a p a b i l i t y  f o r  a p p l i c a t i o n  on t h e  Advanced  Space 
Engine  (ASE).  The b a s i c  p e r f o r m a n c e  p a r a m e t e r s  f o r  t h e  ASE have  been  es tab-  
l i s h e d  i n  a p r e l i m i n a r y  d e s i g n  t a s k ,  t h e  r e s u l t s  of which are r e p o r t e d i n R e f .  1. 
A schemat i c   o f   t he  ASE i s  p r e s e n t e d   i n   F i g .  1. It is a staged-combustion- 
c y c l e  e n g i n e  u s i n g  LH2 and LO2 as p r o p e l l a n t s .  The  major  components  comprising 
t h e  e n g i n e  are two , low-pressure gas-dr iven boost  pumps ; two, h igh -p res su re  
pumps; a p r e b u r n e r ;  a regenerat ively cooled combust ion chamb'er-  and nozzle;  
dump cooled  nozz le  ex tens ion;  and  va lves .  
The small ,  h igh -p res su re  LH2 turbopump e f f o r t  p e r f o r m e d  u n d e r  t h i s  c o n t r a c t  
w a s  d i rec ted  toward  es tab l i sh ing  the  technology for  the  main  hydrogen  turbopump.  
TurboDumD Reauirements 
The per formance  requi rements  for  the  Mark  48-F turbopump are l i s t e d  i n  T a b l e  1. 
The pump i s  r e q u i r e d  t o  d e l i v e r  2 . 7 4  kg / s  (6 .04  lb / sec )  o f  LH2 s t a r t i n g  w i t h  
a n  i n l e t  p r e s s u r e  o f  49 N / c m 2  ( 7 1  p s i a )  p r o v i d e d  by the low-pressure pump, t o  
a d i s c h a r g e   p r e s s u r e  of  3140 N/cm2 (4560 p s i a ) .  The p r o p e l l a n t   g a s   f o r   t h e  
t u r b i n e  is a mixture  of  f ree  hydrogen and steam, re su l t i ng  f rom the  combus t ion  
of LH2 and LO2. The gas i s  provided  a t  a temperature   of   1033 K (1860 R) and  an 
i n l e t  p r e s s u r e  of  2360 N/cm2 (3420  psia)  . The t o t a l  g a s  f l o w r a t e  a v a i l a b l e  
i s  3 .02   kg /s   (6 .66   lb / sec) .  The  horsepower  requirement   of   the  pump i s  matched 
by a d j u s t i n g   t h e   p r e s s u r e   r a t i o   a c r o s s   t h e   t u r b i n e .   S i n c e   t u r b i n e   p r e s s u r e  
r a t i o  h a s  a s t r o n g  i n f l u e n c e  o n  t h e  a t t a i n a b l e  e n g i n e  c o m b u s t i o n  p r e s s u r e  i n  
a s taged  combust ion  cyc le ,  i t  i s  to  be  ma in ta ined  a t  t h e  l o w e s t  p o s s i b l e  l e v e l .  
A s  n o t e d  i n  T a b l e  1 , t he   mechan ica l   ope ra t ing   r equ i r emen t s   i nc luded   mu l t ip l e  
starts w i t h  l o n g  o p e r a t i n g  d u r a t i o n s  a n d  p o t e n t i a l l y  l o n g  c o a s t  times between 
o p e r a t i o n s .  
The v a l u e s  n o t e d  i n  T a b l e  1 d e v i a t e  s l i g h t l y  f r o m  t h e  r e q u i r e m e n t s  e x p r e s s e d  
i n  t h e  o r i g i n a l  c o n t r a c t  work  statement.   Refined  computer  runs  of  the  engine 
b a l a n c e  i n d i c a t e d  m i n o r  s h i f t s  i n  t h e  r e q u i r e d  pump d i s c h a r g e  p r e s s u r e ,  t u r b i n e  
i n l e t   t e m p e r a t u r e   a n d   p r e s s u r e ,  as w e l l  as t u r b i n e   h o t - g a s   f l o w r a t e .  The 
r e v i s e d  v a l u e s  were i n c o r p o r a t e d  i n  t h e  r e q u i r e m e n t s  w i t h  t h e  NASA p r o j e c t  
manager ' S approva l .  
I n  a d d i t i o n  t o  t h e  p e r f o r m a n c e  c r i t e r i a  n o t e d  i n  T a b l e  1, t h e  c o n t r a c t  work 
s t a t e m e n t  i n c l u d e d  c e r t a i n  g r o u n d  r u l e s  r e l a t i n g  p r i m a r i l y  t o  t h e  s t r u c t u r a l  
ana lys i s   and   mechanica l   des ign   of   the   tu rbopump.   These   g round  ru les  are en- 
c l o s e d   i n  Appendix A. 
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Figure  1. ASE System Schematic 
TABLE 1 MARK 48-F TURBOPUMP  NOMINAL D E S I G N   C O N D I T I O N S  
Pump SI U n i t s   E n g l i s h   U i t s  
TY Pe C e n t r i   f u g a 1  
P r o p e l   l a n t  
I n l e t   p r e s s u r e  49 N/cm2 
I n  1 e t   t e m p e r a t u r e  21-23 K 
D i s c h a r g e   p r e s s u r e  3140 N/cm 
Mass f l ow   2 .74   kg /s  
Number o f  s tages  3 
LH2 
Turb i ne 
W o r k i n g   f l u i d  02/H2 combus t ion   p roduc ts  (H2 x H20) 
I n l e t   t e m p e r a t u r e  1033 K 1860 R 
I n l e t  p r e s s u r e  2360 N/cm2 3420 p s i a  
P r e s s u r e   r a t i o  Minimum n e c e s s a r y  t o  d e v e l o p  pump 
F l o w r a t e  3.02 kg /s  6.66 l b / s e c  
Number o f  s tages  2 
horsepower requi  rements 
Type F u l l   a d m i s s i o n  
Turbopump 
Capable o f  o p e r a t i o n  a t  p u m p e d - i d l e  c o n d i t i o n s ,  i . e . ,  a p p r o x i m a t e l y  5 to  
fu.1 1 t h r u s t  
O f f - d e s i g n  o p e r a t i o n :  
S e r v i c e  1 i fe  be tween  ove rhau ls :  
S e r v i   c e - f   r e e  1 i f e :  
Maximum s i n g l e  r u n  d u r a t i o n :  
Maximum t i  me between f i r i n g s  
d u r i n g  m i s s i o n :  
Minimum t i m e  b e t w e e n  f i r i n g s  
d u r i n g  m i s s i o n :  
Maximum s t o r a g e  t i m e  i n  o r b i t  
( d r y )  : 
71 p s i a  
38-41 R 
4560 p s i a  
6.04  lb/sec 
10% 
+20% Q/N a t  f u l l  t h r u s t  down t o  30% 
Q/N a t  20% N 
“300  thermal   cyc les or IO hours  accumulated 
r u n   t i m e  
560 t h e r m a l   c y c l e s   o r  2 hours  accumulated 
r u n   t i m e  
2000 seconds 
14 days 
1 m i n u t e  
52  weeks 
“ T h e r m a l   c y c l e   d e f i n e d   a s   e n g i n e   s t a r t   ( t o   a n y   t h r u s t   l e v e l )   a n d   s h u t d o w n .  
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Cer ta in  e lements  of  the  requi rements  no ted  above  had  a p a r t i c u l a r l y  s i g n i f i c a n t  
impac t  on  the  t echno logy  r equ i r emen t s  o f  the turbopump and  the  ensuing  des ign  
c o n f i g u r a t i o n .  I n  t h e  area o f  t h e  pump, the   combina t ion   of   low  f lowra te   and  
h igh  d ischarge  pressure  imposed  a d i f f i c u l t  i m p e l l e r  f a b r i c a t i o n  t a s k  b e c a u s e  
of  the re la t ive ly  nar row passages  requi red  compared  wi th  the  outer  d iameter .  
The d e s i r e  f o r  h i g h  e f f i c i e n c y ,  compact  packaging ,  and  l igh t  weight  p laced  the  
r o t o r  s p e e d  i n t o  t h e  9 4 2 3  t o  10,470 r a d / s  ( 9 0 , 0 0 0  t o  100,000 rpm) range,  push- 
i n g  b e a r i n g  DN v a l u e  t o  t h e  2 .O x lo6  mm rpm limit n o t e d  i n  the Design Ground 
Rules  (Appendix  A). The b e a r i n g  o p e r a t i o n  a t  h i g h  DN v a l u e s  i n  a turbopump 
i n s t a l l a t i o n  as well  as t h e  d y n a m i c  b e h a v i o r  o f  t h e  r o t o r  a t  high speeds needed 
t o  b e  d e m o n s t r a t e d .  
Because  of  the  h igh  opera t ing  speed  involved ,  the  bear ings  would  not  be  ab le  
t o  t a k e  a n  a p p r e c i a b l e  a x i a l  t h r u s t  l o a d .  T h i s  c o n d i t i o n  d i c t a t e d  t h a t  a n  
a x i a l   t h r u s t   b a l a n c e   d e v i c e   b e   e m p l o y e d .  The o p e r a t i n g  c h a r a c t e r i s t i c s  o f  
such a d e v i c e  a l s o  r e q u i r e d  e v a l u a t i o n .  In t h e  t u r b i n e ,  t h e  p e r f o r m a n c e  of a 
small t u r b i n e  w i t h  a high-power densi ty  and low-pressure rat io  (approximately 
1 . 4 )  needed  to  be  demonst ra ted .  
From a s t r u c t u r a l  c o n s i d e r a t i o n ,  t h e  r e q u i r e m e n t  f o r  300 the rma l  cyc le s  w a s  
s i g n i f i c a n t  i n  t h a t  i t  e s t a b l i s h e d  l o w - c y c l e  f a t i g u e  cr i ter ia  a n d  e v e n t u a l l y  
n e c e s s i t a t e d  i n c o r p o r a t i n g  a l i n e r  i n  t h e  t u r b i n e  m a n i f o l d  t o  l i m i t  t h e  maxi- 
mum t h e r m a l  g r a d i e n t s  i n  s t r u c t u r a l  wal l s .  
- Turbopump Desc r ip t ion  
The c o n f i g u r a t i o n   o f   t h e  Mark 48-F turbopump i s  shown i n   F i g .  2 . The turbo-  
pump assembly requirements  are es tab l i shed  on  Rocketdyne  drawing  RS009601E, a 
copy of which i s  inc luded  in  Append ix  B .  
The p u m p i n g  e l e m e n t s  c o n s i s t  o f  t h r e e  c e n t r i f u g a l  i m p e l l e r s  c o n t a i n i n g  s i x  f u l l  
and s i x  p a r t i a l  v a n e s ,  a r a d i a l  d i f f u s e r  a f t e r  e a c h  i m p e l l e r ,  a n d  a n  i n t e r n a l  
c r o s s o v e r   p a s s a g e   f o l l o w i n g   t h e   f i r s t -   a n d   s e c o n d - s t a g e   d i f f u s e r s .   L i q u i d  
hydrogen i s  i n t r o d u c e d  t o  t h e  pump and  de l ive red  f rom the  pump through a s c r o l l -  
s h a p e d   i n l e t  and   d i scha rge ,   r e spec t ive ly .  The pump end   o f   t he   ro to r   a s sembly  
i s  formed by the  impel le r  hubs ,  which  are p i l o t e d  r e l a t ive  t o  e a c h  o t h e r  a n d  
m a i n t a i n e d  a x i a l l y  t i g h t  b y  a c e n t r a l  t i e  b o l t .  ' The  two pump c r o s s o v e r s  are 
mounted  on  the pump t h r o u g h   t h e   e x t e r n a l l y   a c c e s s i b l e   f l a n g e s .   A l t h o u g h   t h i s  
f e a t u r e  r e s u l t s  i n  a d d i t i o n a l  e x t e r n a l  seal  j o i n t s  and weight ,  i t  f a c i l i t a t e s  
measuring a l l  s i g n i f i c a n t  i n t e r s t a g e  p r e s s u r e  levels.  The c a v i t i e s   b e t w e e n  
t h e  c r o s s o v e r s  a n d  t h e  e x t e r n a l  h o u s i n g s  are sea l ed  f rom the  ma in  f low passages  
by a x i a l   f l a n g e  sea ls ,  and  they are v e n t e d   t o   t h e  pump i n l e t .  Thus, t h e   e x t e r -  
n a l  f l a n g e  seals are s u b j e c t e d  t o  pump i n l e t  p r e s s u r e  o n l y ,  and  should  not  
pose  a l e a k a g e   p r o b l e m .   I n t e r n a l   r e c i r c u l a t i o n   a r o u n d   t h e   i m p e l l e r s  i s  mini- 
mized by s t e p  l a b y r i n t h  seals  i n  t h e  f r o n t  a n d  rear sh rouds .  The seal  l a n d s  
are p l a t e d  w i t h  s i l v e r  t o  p r e v e n t  h a r d  m e t a l - t o - m e t a l  r u b b i n g ,  a n d  s t i l l  f a c i -  
l i t a t e  m a i n t a i n i n g  c l o s e  r a d i a l  c l e a r a n c e s .  
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The t u r b i n e  i s . a  two-stage reaction t y p e  w i t h  an o v e r a l l  p . r e s s u r e  r a t io  of  
1 . 4 4 3 .  Approximately 52% of  power is developed i n  the first s t a g e  a n d  48% 
i n  t h e  s e c o n d  s t a g e .  The wheels are a t t a c h e d  t o  t h e  s h a f t  b y  t h r e e  body-bound 
s t u d s  w h i c h  a l s o  transmit the to rque .  Axial h o l e s  are i n c o r p o r a t e d  i n  t h e  
d i s k s  t o  p r o v i d e  a p a t h  f o r  t h e  s h a f t  seal leakage ,  which  is  used as a c o o l a n t .  
The downstream s i d e  o f  t h e  s e c o n d - s t a g e  w h e e l  is cove red  wi th  a s h i e l d  t o  r e d u c e  
h e a t i n g  e f f e c t  o f  t h e  e x h a u s t  g a s  o n  t h e  d i s k .  Low-cycle f a t i g u e  n e c e s s i t a t e s  
i n c o r p o r a t i n g  a s h e e t  metal l iner  i n t o  t h e  i n l e t  m a n i f o l d  t o  r e d u c e  t h e r m a l  
g r a d i e n t s  d u r i n g  start  a n d  c u t o f f .  The l i n e r  i s  approximate ly   1 .57  mm (0.062 
i n c h )  t h i c k ,  a n d  i n c l u d e s  b l e e d  h o l e s  t o  e q u a l i z e  t h e  p r e s s u r e  o n  e i t h e r  s i d e .  
Axial t h r u s t  c o n t r o l  i s  maintained by using a s e l f - c o m p e n s a t i n g  b a l a n c e  p i s t o n  
i n c o r p o r a t e d  i n  t h e  b a c k  s h r o u d  o f  t h e  t h i r d - s t a g e  i m p e l l e r .  To o p e r a t e  t h e  
b a l a n c e  p i s t o n ,  f l u i d  f r o m  t h e  d i s c h a r g e  o f  t h e  t h i r d - s t a g e  i m p e l l e r  i s  passed 
through a h i g h - p r e s s u r e  o r i f i c e  a t  t h e  t i p  o f  t h e  i m p e l l e r ,  t h e n  t h r o u g h  a low- 
p r e s s u r e  o r i f i c e  l o c a t e d  n e a r  t h e  h u b  i n t o  t h e  rear b e a r i n g  c a v i t y .  From t h e  
b e a r i n g  c a v i t y ,  t h e  f l u i d  i s  r e t u r n e d  t o  t h e  i n l e t  o f  t h e  s e c o n d - s t a g e  i m p e l l e r  
t h r o u g h  a n  a n n u l a r  p a s s a g e  b e t w e e n  t h e  s h a f t  a n d  t h e  i m p e l l e r  h u b s .  
The r o t o r  i s  s u p p o r t e d  r a d i a l l y  b y  two p a i r s  o f  d u p l e x ,  a n g u l a r - c o n t a c t ,  20 mm 
b a l l  b e a r i n g s ,  a x i a l l y  p r e l o a d e d  t o  p r e v e n t  t h e  b a l l s  f r o m  s k i d d i n g .  The rear 
b e a r i n g s  are r e t a i n e d  a x i a l l y  t h r o u g h  a s p r i n g - l o a d e d  c a r t r i d g e  so  t h a t  t h e y  
w i l l  a l s o  a b s o r b  t r a n s i e n t  axial  r o t o r  l o a d s .  C o o l i n g  o f  t h e  pump end   bea r ings  
is  accomplished by bleeding LH2 from the hub area be tween  the  f i r s t -  and  second-  
s t a g e  i m p e l l e r s ,  p a s s i n g  t h e  f l u i d  t h r o u g h  a n  a n n u l a r  p a s s a g e  a t  t h e  c e n t e r  o f  
t h e  f irst-s t a g e  i m p e l l e r  t o  t h e  pump e n d ,  t h e n  i n  reverse d i r e c t i o n  t h r o u g h  
t h e  b e a r i n g s  a n d  b a c k  t o  t h e  e y e  o f  t h e  f i r s t - s t a g e  i m p e l l e r .  C o o l i n g  o f  t h e  
tu rb ine  end  bea r ings  i s  e f f e c t e d  by b l e e d i n g  c o o l a n t  f l u i d  f r o m  t h e  pump d i s -  
c h a r g e ,  i n t r o d u c i n g  i t  t o  a n  area o n  t h e  t u r b i n e  s i d e  o f  t h e  b e a r i n g s ,  a n d  
a l lowing  i t  to  f low th rough  the  bea r ings  where  i t  j o i n s  t h e  b a l a n c e  p i s t o n  
f l u i d   a n d   r e t u r n s   t o   t h e   e y e   o f   t h e   s e c o n d - s t a g e   i m p e l l e r .   A d d i t i o n a l   c o o l a n t  
is p r o v i d e d  f o r  t h e  rear b e a r i n g s  by t h e  f l u i d  w h i c h  l e a k s  t h r o u g h  t h e  pump 
s i d e  o f  t h e  s h a f t  sea l .  
To s e p a r a t e  t h e  pump and  tu rb ine  r eg ions ,  a c o n t r o l l e d - g a p ,  s h a f t - r i d i n g  seal  
i s  employed .   S ince   the   p ressure   on   the  pump s i d e  o f  t h e  seal  i s  lower  than  on 
t h e  t u r b i n e  s i d e ,  t h e  m i d d l e  o f  t h e  s e a l  i s  p r e s s u r i z e d  w i t h  LH2 suppl ied  f rom 
t h e  pump d i s c h a r g e .   I n   t h i s   m a n n e r ,  a pos i t i ve   f l ow  o f   l i qu id   hydrogen   t oward  
t h e  t u r b i n e  i s  e n s u r e d ,  a n d  e n t r y  o f  h o t  g a s  i n t o  t h e  pump is p reven ted .  A s  
no ted  above ,  the  LH2 wh ich  l eaks  th rough  the  sha f t  seal  toward  the  pump is  
u s e d   t o   l u b r i c a t e   t h e   b e a r i n g s .  The f l u i d  w h i c h   l e a k s   t o   t h e   t u r b i n e  i s  used 
t o  c o o l  t h e  t u r b i n e  d i s k s .  
C o n f i g u r a t i o n  S e l e c t i o n  
The base l ine  conf igura t ion  of  the  turbopump was d e f i n e d  by t h e  S t a t e m e n t  o f  
Work as a t h r e e - s t a g e ,  c e n t r i f u g a l  pump powered  by a two-s tage ,  fu l l -admiss ion  
t u r b i n e .  To s e l e c t  t h e  d e s i g n  w i t h i n  t h a t  c o n c e p t  d e f i n i t i o n  w h i c h  b e s t  meets 
t h e   o b j e c t i v e s   o f   t h e   p r o g r a m ,   s e v e r a l   a l t e r n a t i v e s  were e v a l u a t e d .  The p r in -  
c i p a l  o p t i o n s  a n d  t h e i r  e f f e c t  on  the  turbopump are d i s c u s s e d  i n  t h e  f o l l o w i n g .  
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Number of Pump S t a g e s .  I n  a c c o r d a n c e  w i t h  the Sta tement   o f  Work as no ted  
a b o v e ,  t h e  a n a l y s i s  a n d  d e s i g n  e f f o r t  w a s  r e s t r i c t e d  t o  a th ree - s t age  pump. 
P r i o r  t o  t h e  a c t u a l  c o n t r a c t  e f f o r t ,  a two-s tage  vers ion  of  the  pump w a s  
eva lua ted  by  Rocke tdyne ,  and  the  r e su l t s  o f  t ha t  s tudy  are i n c l u d e d  h e r e  f o r  
r e f e r e n c e  . 
Table 2 p r e s e n t s  a summary o f  t h e  p r i n c i p a l  d e s i g n  p a r a m e t e r s  g e n e r a t e d  i n  
t h e  p r e l i m i n a r y  a n a l y s i s  of the   two-s tage  pump. For   compar ison ,   the   va lues  
o b t a i n e d  f o r  t h e  t h r e e - s t a g e  c o n f i g u r a t i o n  are inc luded .  
The two-stage concept  w a s  a t t ract ive f r o m  t h e  s t a n d p o i n t  t h a t  i t  o f f e r e d  t h e  
p o s s i b i l i t y  o f  a s imple r   des ign ,   f ewer  number  of p a r t s ,  a n d  l o w e r  c o s t .  On 
t h e  o t h e r  h a n d ,  i t  was encumbered  wi th  th ree  ma jo r  d i sadvan tages .  P roduc ib i l i t y  
of  the  shrouded  impellers p r e s e n t e d  d i f f i c u l t i e s  i n  view of  the  small d i s -  
cha rge  wid th ,  2 .O rmn (0 .079 i n c h ) ,  a n d  r e l a t i v e l y  l a r g e  t i p  d i a m e t e r ,  12.19 c m  
( 4 . 8  i nches ) .   Fu r the rmore ,   t he  t i p  speed   of   the  i m p e l l e r  w a s  v e r y  h i g h , 6 4 0 m / s  
(2100 f t / s e c ) ,  p u s h i n g  t h e  limits o f  t h e  a v a i l a b l e  material s t r e n g t h  l e v e l s .  
F i n a l l y ,  b e c a u s e  o f  t h e  l o w e r - s t a g e  s p e c i f i c  s p e e d  a t  which a two-s tage  uni t  
o p e r a t e s ,   t h e   a t t a i n a b l e   e f f i c i e n c y  w a s  lower ( 5 3 . 4 % ) .  With   the   th ree-s tage  
c o n f i g u r a t i o n ,  s e v e r a l  p o t e n t i a l l y  d i f f i c u l t  a s p e c t s  o f  t h e  d e s i g n  were a l l e v i -  
a t ed  and  be t t e r  pe r fo rmance  was o b t a i n e d ;  t h e r e f o r e ,  i t  r e p r e s e n t s  a more 
advantageous approach.  
Speed   Se lec t ion .  The pr imary  hydrodynamic  coeff ic ients ,  i m p e l l e r  t i p  speed,  
a n d  r o t a t i o n a l  s p e e d  were approx ima te ly  the  same f o r  t h e  c o n f i g u r a t i o n s  u n d e r  
p r a c t i c a l   c o n s i d e r a t i o n .   V a l u e s   f o r   t h e s e  parameters c o u l d   b e   s e l e c t e d   f o r  
t h e  i n i t i a l  i t e r a t i o n  b e f o r e  d e t a i l  d e s i g n  f e a t u r e s  were f i x e d .  The head 
c o e f f i c i e n t  v a l u e  ($ = 0 .576)  f o r  t h e  i m p e l l e r  w a s  s e l e c t e d  t o  o b t a i n  h i g h  
e f f i c i e n c y  a n d  t o  e n s u r e  s y s t e m  s t a b i l i t y .  Once t h e  s t a g e  h e a d  c o e f f i c i e n t  
w a s  s e l e c t e d ,  t h e  r e q u i r e d  i m p e l l e r  t i p  speed  was f i x e d  by t h e  f o l l o w i n g  
r e l a t i o n s h i p  : 
where 
u2 = i m p e l l e r   t i p   s p e e d  
g = g r a v i t a t i o n a l   c c e l e r a t i o n  
I) = s t a g e   h e a d   c o e f f i c i e n t  
H = h e a d   r e q u i r e d   p e r   s t a g e  t o  d e l i v e r   t h e   s p e c i f i e d   d i s c h a r g e   p r e s s u r e  
The d e s i r e d  i m p e l l e r  t i p  s p e e d  v a l u e  c a n  b e  a t t a i n e d  a t  several r o t o r  s p e e d  
l e v e l s  by s e l e c t i n g  a n  a p p r o p r i a t e  t i p  d i ame te r .   The   speed   r ange   i nves t iga t ed  
f o r  t h i s  a p p l i c a t i o n  e x t e n d e d  f r o m  7853 t o  13,088 r a d / s  (75 ,000 t o  125,000 rpm) . 
W i t h i n  t h e  s p e e d  r a n g e  s t u d i e d ,  t h e  s t a g e  s p e c i f i c  s p e e d  v a r i e d  f r o m  
I 
r a d / s  (m / s )  
3 1 / 2  
0.20 t o  0 .33   (550  t o  900 rpm gpm1/2/ft 3 / 4 )  
( J /kg)  3’4 
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TABLE 2 .  COMPARISON OF TWO- AND THREE-STAGE PUMP CHARACTERISTICS 
Rotor Speed 
I m p e l l e r  T i p  W i d t h  
Impe l l e r  T ip  D iamete r  
I m p e l l e r  T i p  Speed 
S tage  Spec i f i c  Speed 
Pump Horsepower 
Pump O v e r a l l   E f f i c i e n c y  
Two Stage 
1 0,470  rad/s 
( 1 00, 000 rpm) 
2.00 mm 
(0.079  inch) 
12.19 cm 
(4.8  inches) 
640 m/s 
(2 1 OO f t / sec )  
f t R  
500 q) 
_I-~"- __ ~~ 
Three Stage 
9950  rad/s 
(95,000 rpm) 
3.81 mm 
(0.150  inch) 
10.31 c m  
4.058 inch)  
513 m/s 
( 1  683 f t / sec  
I 
1896 kW 
2543  hp) 
58% 
1 2  
These values  were s u b s t a n t i a l l y  b e l o w  t h e  s p e c i f i c  s p e e d  v a l u e  t h a t  r e s u l t s  
i n  t h e  maximum a t t a i n a b l e  e f f i c i e n c y  f o r  c e n t r i f u g a l  pumps; consequent ly ,  
t h e  pump e f f i c i e n c y  i n c r e a s e d  w i t h  h i g h e r  v a l u e s  o f  s p e e d .  Thus, f r o m  t h e  
s t a n d p o i n t  o f  e f f i c i e n c y ,  t h e  h i g h e s t  p o s s i b l e  s p e e d  w a s  d e s i r a b l e .  W i t h  h i g h e r  
s p e e d s ,  t h e  i m p e l l e r  d i a m e t e r  d e c r e a s e d  a n d  the t i p  w i d t h  i n c r e a s e d ,  which w a s  
d e s i r a b l e  f r o m  a w e i g h t / e n v e l o p e  a n d  p r o d u c i b i l i t y  c o n s i d e r a t i o n  as w e l l .  The 
upper  speed limit w a s  de f ined  by  the DN (d i ame te r ,  mm x speed ,  rpm) v a l u e  of 
t h e  t u r b i n e  e n d  b e a r i n g ,  w h i c h  r e a c h e d  t h e  maximum s p e c i f i e d  i n  t h e  S t a t e m e n t  
of Work (DN, = 2 x lo6) a t  10,470 r a d / s  (100,000 rpm) . Subsequent ly ,  the 
speed  w a s  reduced to  a nomina l  des ign  va lue  o f  9946 r a d / s  (95,000 rpm) t o  
s a t i s f y  the h0-hour l i f e  r e q u i r e m e n t  w i t h  t h e  t u r b i n e  r o t o r  b l a d e s  w h i c h  c o u l d  
n o t  b e  m e t  a t  t h e  h i g h e r  s p e e d  level. 
Pump I n l e t  Type.  The r a d i a l - e n t r y ,   v o l u t e - t y p e   i n l e t   c o n f i g u r a t i o n   o f   t h e  pump 
w a s  s e l e c t e d   t o   o p t i m i z e   e n g i n e   p a c k a g i n g .  It  w a s  a n t i c i p a t e d  t h a t  t h e  low- 
p r e s s u r e  pump w i l l  have a s c r o l l - s h a p e d  v o l u t e  w i t h  a r a d i a l  d i s c h a r g e ,  a n d  
t h a t  t h e  h i g h - p r e s s u r e  f u e l  turbopump w i l l  be  mounted  on  the  engine  wi th  pump 
i n l e t  s i d e  down. Under t h e s e   c o n d i t i o n s ,   t h e   f l u i d  is t r a n s f e r r e d   f r o m   t h e  
low-pressure pump t o  t h e  h i g h - p r e s s u r e  pump most e f f i c i e n t l y ,  b o t h  f r o m  t h e  
s t a n d p o i n t  o f  f l u i d  f r i c t i o n  a n d  e n g i n e  w e i g h t ,  w i t h  a r a d i a l  i n l e t  o n  t h e  
h igh-pressure  pump. 
A v o l u t e - t y p e  i n l e t  was used t o  p r o v i d e  p r e w h i r l  a t  t h e  f i r s t - s t a g e  i m p e l l e r  
i n l e t .  The i m p e l l e r   i n l e t   p r e w h i r l   p e r m i t t e d  a l a r g e r   i m p e l l e r   d i s c h a r g e  
b l a d e  a n g l e  f o r  r e d u c e d  stress as w e l l  as a r e d u c e d  i n l e t  re la t ive v e l o c i t y  
f o r  i n c r e a s e d  i m p e l l e r  e f f i c i e n c y .  The   vo lu te - type   in le t   p rovided  low l o s s e s ,  
p e r m i t t e d  t h e  b e a r i n g s  t o  b e  l o c a t e d  o u t b o a r d  o f  t h e  i m p e l l e r  i n l e t ,  a n d  
r e s u l t e d  i n  e n g i n e  i n s t a l l a t i o n  f l e x i b i l i t y .  
Impel ler   Type.  The use   o f   sh rouded   ve r sus   open- face   impe l l e r s  was e v a l u a t e d .  
Open-face impel lers  are easier t o  f a b r i c a t e  a n d  are c a p a b l e  o f  h i g h e r  t i p  
speeds ;  however ,  t he  low f lowra te s  b r ing  abou t  a ve ry  low i m p e l l e r  b l a d e  
h e i g h t  i n  t h i s  turbopump. A s  a r e s u l t ,   t h e   c l e a r a n c e   b e t w e e n   t h e   i m p e l l e r  
vanes  and  hous ing  would  have  to  be  he ld  imprac t ica l ly  c lose  to  main ta in  h igh  
performance.   Furthermore,  small changes i n  t h e  a x i a l  p o s i t i o n  o f  t h e  r o t o r  
w o u l d   b r i n g   a b o u t   l a r g e   s h i f t s   i n  pump performance.  I n  c o n s t r a s t ,  w i t h  a 
s h r o u d e d  i m p e l l e r ,  t h e r e  is no  need t o  h o l d  t h e  a x i a l  c l e a r a n c e  c l o s e ,  a n d  
performance i s  i n d e p e n d e n t   o f   r o t o r   p o s i t i o n .   D e s p i t e   t h e   f a c t   t h a t   t h e  
i m p e l l e r  h u b  h a d  t o  b e  l o n g e r  t o  c a r r y  t h e  s h r o u d  c e n t r i f u g a l  l o a d s  a n d  
f a b r i c a t i o n  w a s  more d i f f i c u l t ,  p e r f o r m a n c e  c o n s i d e r a t i o n s  d i c t a t e d  t h a t  
shrouds   be   used .  An i m p o r t a n t  s i d e  b e n e f i t  o f  a d d i n g  t h e  s h r o u d s  was t h a t  
t h e  s t i f f n e s s  o f  t h e  i m p e l l e r  was i n c r e a s e d  w h i c h ,  i n  t u r n ,  r e d u c e d  t h e  rela- 
t i v e  d e f l e c t i o n  i n  t h e  b a l a n c e  p i s t o n .  This w a s  of p a r t i c u l a r  s i g n i f i c a n c e  
because  o f  t he  h igh -p res su re  loads  invo lved .  
Diffuser   Type.  The u s e   o f   r a d i a l - v a n e d   d i f f u s e r s  as opposed  to  an open   vo lu t e  
w i t h  o n e  o r  two tongues  was eva lua ted .  The r a d i a l - v a n e  c o n f i g u r a t i o n  w a s  
s e l e c t e d   f o r   t h r e e   r e a s o n s :   ( 1 )   b y   r e d u c i n g   t h e   v e l o c i t y   o f   t h e   f l u i d   i n   t h e  
v o l u t e  t o  a p p r o x i m a t e l y  o n e - h a l f  o f  t h e  i m p e l l e r  d i s c h a r g e  v e l o c i t y ,  f l u i d  
f r i c t i o n  l o s s e s ,  w h i c h  are p r o p o r t i o n a l  t o .  v e l o c i t y  s q u a r e d ,  were reduced;  
( 2 )  t h e  p r e s s u r e  a r o u n d  t h e  p e r i p h e r y  o f  t h e  i m p e l l e r  w a s  more uniform with 
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a v a n e d  d i f f u s e r ,  t h e r e f o r e  t h e  r a d i a l  l o a d s  were smaller-; and (3) the d i f f u s e r  
vanes  provided  an e f f i c i e n t  t i e  f o r  t h e  p r e s s u r e  v e s s e l  f o r m e d  b y  the v o l u t e  
walls, the reby  r educ ing  the  hous ing  w a l l  t h i ckness  r equ i r emen t .  
Turb ine   Or i en ta t ion .  The c o m p a r a t i v e   e f f e c t   o f   o r i e n t i n g   t h e   t u r b i n e   f l o w  
toward  the  pump o r  away f rom the  pump w a s  analyzed from axial  t h r u s t ,  p e r f o r -  
mance, a n d  s t r u c t u r a l  c o n s i d e r a t i o n s .  The pump o r   t u r b i n e   p e r f o r m a n c e  w a s  
n o t  a f f e c t e d  by t u r b i n e  f l o w  d i r e c t i o n ,  b u t  t h e r e  w a s  a s i g n i f i c a n t  e f f e c t  on 
n e t  t o t a l  t h r u s t .  The a x i a l  t h r u s t  o f  t h e  s e l e c t e d  d e s i g n  c o u l d  b e  b a l a n c e d  
s a t i s f a c t o r i l y  o n l y  i f  t h e  t u r b i n e  f l o w  w a s  d i r e c t e d  away f rom the  pump. From 
a m e c h a n i c a l  a n d  s t r u c t u r a l  s t a n d p o i n t ,  i t  w a s  f o u n d  t h a t  t h e  least complicated 
and most  economical  design,  f rom cost  and weight  s tandpoint ,  could be obtained 
b y  s u p p o r t i n g  t h e  f i r s t - s t a g e  n o z z l e  o n  t h e  pump h o u s i n g  a n d  o r i e n t i n g  t h e  
flow away f rom the  pump. T h i s  d e s i g n  h a d  t h e  a d v a n t a g e  t h a t  i n l e t  a n d  e x h a u s t  
mani fo ld ing  w a s  n o t  a n  i n t e g r a l  p a r t  o f  t he  c r i t i ca l  work ing  componen t s  o f  
t h e  t u r b i n e .  A s  a resu l t ,   the   mani fo ld ing   could   be   modi f ied   to   accommodate  
a n y  f u t u r e  e n g i n e  p a c k a g i n g  n e e d s  w i t h o u t  a f f e c t i n g  e i t h e r  t h e  f l u i d - d y n a m i c  
o r  s t r u c t u r a l  b e h a v i o r  o f  t h e  t u r b i n e .  The  turbine-to-pump  housing  connection 
w a s  made i d e n t i c a l   t o   t h e   v i s u a l i z e d   f l i g h t w e i g h t   d e s i g n .   T h i s  way, a l l  thermal  
c o n d i t i o n s  t h a t  may i n f l u e n c e  f l i g h t  d e s i g n  o p e r a t i o n s  are d u p l i c a t e d  i n  t h i s  
technology  task .  
Pump Hydrodynamic Analysis 
Pump I n l e t  Design. A s  no ted   above ,   the  pump i n l e t  c o n f i g u r a t i o n  w a s  s t r o n g l y  
in f luenced  by t h e  Advanced  Space  Engine ( A S K )  de s ign  l ayou t ,  wh ich  r e su l t ed  
i n  optimum  packaging  with a s c r o l l - s h a p e d  i n l e t .  A s c r o l l - s h a p e d  i n l e t  c a n  
be accommodated e i t h e r  w i t h  a n  o p e n - v o l u t e - t y p e  a p p r o a c h ,  o r  o n e  i n  w h i c h  
vanes are i n c l u d e d  t o  p r o v i d e  s t r u c t u r a l  s u p p o r t  a n d  g u i d e n c e  t o  t h e  f l o w .  
The l a t t e r  concept  was s e l e c t e d  b e c a u s e  i t  p r e s e n t s  a means f o r  i m p a r t i n g  
p r e w h i r l   t o   t h e   f l u i d   e n t e r i n g   t h e   f i r s t - s t a g e  i m p e l l e r .  P r e w h i r l ,   i n   t u r n ,  
f a c i l i t a t e s  a l a r g e r  i m p e l l e r  d i scharge  b lade  angle ,  which  is d e s i r a b l e  f r o m  
t h e  s t a n d p o i n t  o f  p r o d u c i b i l i t y .  
F igu re  3 shows the   d imens ions   o f  
t h e  l e a d i n g  a n d  t r a i l i n g  e d g e s  o f  t h e  
i n l e t   c a s c a d e .  A s  a l ready   ment ioned ,  
these  vanes  are a l s o  n e e d e d  f o r  s t r u c -  
t u r a l   r e a s o n s .  Twenty pe rcen t   o f   t he  
volume conta in ing  the  vanes  i s  needed 
t o   s a t i s f y  stress requi rements .   This  
sets the   vane   t h i ckness .   F igu re  4 
shows t h e  v a n e  s y s t e m  r e s u l t i n g  i n  
a n  a c t u a l  metal volume  of 20 .7%.  
F igure  5 shows the   vane   angle  varia- 
t i on ,   and   F ig .  6 shows t h e  area 
va r i a t ion  a long  the  f low pa th  f rom 
A t o  B (F ig .  I). 
5.583 
(2.200 
T 
1 1 ( l . 6 i  4.130 cm in.) t 
i n . )  
Figure  3 . Pump I n l e t  Vane 
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Figure 4 .  Mark 48-F Pump Inlet Vane Configuration 
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Impel ler   Design.  The r e q u i r e d  i s e n t r o p i c  s t a g e  h e a d r i s e  t o  s a t i s f y  t h e  d i s -  
c h a r g e   p r e s s u r e   o f  3144 N/cm2 (4560  psia)  is 153,000 J/kg (51 ,334   fee t ) .   Wi th  
an opera t ing  speed  of  9947 rad /s  (95 ,000  rpm) and a d e l i v e r e d  f l o w r a t e  o f  
0.0396 m 3 / s  (627.5 gpm) t h e  s t a g e  s p e c i f i c  s p e e d  i s  695 .   S ince   t he   speed  
c a n n o t  b e  i n c r e a s e d  d u e  t o  b e a r i n g  a n d  t u r b i n e  l i m i t a t i o n s ,  t h e  o n l y  way t o  
o p t i m i z e  e f f i c i e n c y  i s  t o  u s e  a h i g h   h e a d   c o e f f i c i e n t .   H o w e v e r ,   p r o d u c i b i l i t y  
h a s  i n  t h i s  case an o v e r r i d i n g  i n f l u e n c e .  
To o b t a i n  a h i g h  s t r e n g t h / w e i g h t  r a t i o ,  t i t a n i u m  w a s  s e l e c t e d  as t h e  i m p e l l e r  
material. The technology exists to   p roduce   complex   shrouded   t i t an ium  impel le rs  
by  cas t ing ;  however ,  t he  f r ac tu re  toughness  o f  such  a c a s t i n g  a t  LH2 tempera- 
t u r e s  is h igh ly   suspec t .   O the r   app roaches   t o   p roduc ing  a complex  shrouded 
i m p e l l e r ,  s u c h  as d i f fus ion  bond ing  and  powder meta l lurgy ,  would  requi re  an  
e x t e n s i v e  a n d  e x p e n s i v e  d e v e l o p m e n t  e f f o r t  t h a t  w a s  n o t  w i t h i n  t h e  s c o p e  o f  
t h i s  program. A s  a r e s u l t ,  t h e  d e c i s i o n  w a s  made t o  f a b r i c a t e  t h e  i m p e l l e r s  
by e i t h e r  p a n t o g r a p h i n g  o r  e l e c t r i c a l  d i s c h a r g e  m a c h i n i n g  (EDM). Both  of 
t h e s e  means  impose a l i m i t a t i o n  on t h e  number  of  b lades  to  be  used  as w e l l  as 
the  d i scha rge  ang le  and  wrap  ang le .  
For  a h i g h  h e a d  c o e f f i c i e n t ,  a l a r g e  number  of  blades i s  d e s i r a b l e .  S t r i c t l y  
from a hydrodynamic point of view, t h e  optimum impel le r  would  have  conta ined  
s i x  f u l l  b l a d e s ,  s i x  p a r t i a l  b l a d e s ,  a n d  a second set o f  1 2  p a r t i a l  b l a d e s  
a t  t h e  d i s c h a r g e  (6 + 6 + 1 2 ) ,  w i t h  a d i scha rge  ang le  o f  0 .52  r ad ians  o f  (30  
degrees) .   This   would   have   y ie lded  a h e a d  c o e f f i c i e n t  o f  a p p r o x i m a t e l y  0 . 6 5  
(F ig .   16   o f  NASA Report  SP 8109) .   Such  an  impel ler ,   however ,   cannot ,   be  
manufac tu red   by   t he   me thods   s e l ec t ed   above .   P roduc ib i l i t y   r equ i r ed   t he  number 
o f  b l a d e s  t o  b e  r e d u c e d  t o  6 + 6 w i t h  a d ischarge  b lade  of  0 .65  rad ian  (37 .5  
d e g r e e s ) .  The f low  range is  s l i g h t l y   r e d u c e d   ( F i g .   7 )   a n d ,   d u e   t o   t h e   l o w e r  
number of blades, a h e a d  c o e f f i c i e n t  o f  a p p r o x i m a t e l y  0 . 5 8  c a n  b e  e x p e c t e d .  
T h i s  r e d u c e s  t h e  o b t a i n a b l e  e f f i c i e n c y  b e c a u s e  t h e  i m p e l l e r  d i a m e t e r  i n c r e a s e s .  
I m p e l l e r   I n l e t .  The i m p e l l e r   i n l e t   d i a m e t e r  must   be   se lec ted  so  t h a t  t h e  
r e q u i r e d  s u c t i o n  s p e c i f i c  s p e e d  l i e s  w i t h i n  t h e  r a n g e  o f  a v a i l a b l e  e x p e r i e n c e .  
Due t o  t h e  s i z e ,  h o w e v e r ,  t h e  p r o d u c i b i l i t y  o f  t h e  i m p e l l e r  h a s  a major  
i n f l u e n c e .  To o b t a i n  s u f f i c i e n t  NPSH m a r g i n   t o   e n s u r e   t h a t   t h e  pump meets 
t h e  s u c t i o n  r e q u i r e m e n t s ,  t h e  i n l e t  d i a m e t e r  s h o u l d  b e  as l a r g e  as p o s s i b l e .  
P roduc ib i l i t y ,  however ,  se ts  a l i m i t  s i n c e ,  by i n c r e a s i n g  t h e  i n l e t  e y e  
d i a m e t e r ,   t h e   b l a d e   a n g l e   b e c o m e s   f l a t t e r .  A s  a r e s u l t ,   m a c h i n i n g  becomes 
more d i f f i c u l t .  The hub  diameter  a t  t h e  i m p e l l e r  i n l e t  w a s  e s t a b l i s h e d  as 
3.1 c m  ( 1 . 2 2  i n c h e s ) ,  t h e  minimum value  a l lowed by  mechanica l  des ign  cons idera-  
t i o n s .  The eye   d i ame te r  w a s  determined as 4.83 c m  ( 1 . 9 0   i n c h e s )   a f t e r  a s tudy  
i n  which   hydrodynamic   goa ls   and   producib i l i ty   l imi ta t ions  were r e c o n c i l e d .  To 
assess t h e  r e q u i r e d  impel le r  s u c t i o n  s p e c i f i c  s p e e d ,  t h e  f o l l o w i n g  a p p r o a c h  
was t aken :  It was  assumed t h a t ’  t h e  r e q u i r e d  i m p e l l e r  NPSH i s  e q u a l  t o  4 x  cm2/ 
2 g.  The f a c t o r  4 i s  s e l e c t e d   t o   a c c o u n t   f o r   t h e   r e l a t i v e l y   t h i c k   i m p e l l e r  
blade leading edge,  which i s  n o t  s h a p e d  i n  a c c o r d a n c e  w i t h  t h e  r u l e s  o f  i n d u c e r  
l e a d i n g - e d g e   d e s i g n .   T a k i n g   t h e   c a l c u l a t e d   l e a k a g e   f l o w   i n t o   a c c o u n t ,   t h e  
a x i a l  i n l e t  v e l o c i t y  i s  4 4 . 7  m / s  ( 1 4 6 . 5  f t / s e c )  w h i c h  r e s u l t s  i n  a r e q u i r e d  
NPSH of  
NPSH = 3981  J /kg 
req 
= 406 m (1332   f ee t )  
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I m p e l l e r  B l a d i n g .  W i t h  i n l e t  a n d  d i s c h a r g e  b l a d e  a n g l e s  e s t a b l i s h e d ,  the 
major  concern w a s  t o  o b t a i n  a b l a d e  s h a p e  which would r e s u l t  i n  an a c c e p t a b l e  
v e l o c i t y  d i s t r i b u t i o n  a n d  w h i c h  c o u l d  b e  m a n u f a c t u r e d .  As s t a t e d  a b o v e ,  t h e  
0.65 r a d i a n  ( 3 7 . 5  d e g r e e s )  d i s c h a r g e  a n g l e  a n d  t h e  t i p  w i d t h  o f  3.81 mm (0.15 
i n c h ) ,  i s  a c c e p t a b l e .  The quest ion,   however ,  s t i l l  remains how  much wrap 
a n g l e  (0) can be  inco rpora t ed .  From t h e  m a n u f a c t u r i n g  p o i n t  o f  view a small 
wrap  ang le  is des i red ,   f rom  the   hydrodynamic   po in t   o f  view a l a r g e r  o n e .  The 
lower limit of 0 is d i c t a t e d  b y  t h e  b l a d e  l o a d i n g .  T h e r e f o r e ,  several b l a d e  
des igns  were e v a l u a t e d  w i t h  t h e  r e s u l t  t h a t  a wrap  angle  of 2.4 r a d i a n  (135 
degrees)  w a s  s e l e c t e d  f o r  t h e  f u l l  b l a d e s  a n d  0.9 r a d i a n  (52 degrees)  for t h e  
p a r t i a l .   T h i s   s a t i s f i e s   b o t h   m a n u f a c t u r i n g   a n d   h y d r o d y n a m i c   c o n s i d e r a t i o n s .  
F igure  9 shows t h e   b l a d e   t h i c k n e s s   d i s t r i b u t i o n .   F l u i d   v e l o c i t y  relative t o  
t h e  i m p e l l e r  b l a d e s  a t  t h e  i n n e r  a n d  o u t e r  stream tubes  are g i v e n  i n  F i g .  10 
and 11, a n d   p r e s s u r e   l o a d i n g   p r o f i l e  i s  i n d i c a t e d  i n  F i g .  1 2 .  C r o s s   s e c t i o n s  
o f  t he  impe l l e r  f l ow passage ,  w i th  wrap  a n g l e  d i s t r i b u t i o n s  f o r  t h e  f u l l  a n d  
p a r t i a l  v a n e s  , are i n c l u d e d  i n  F i g .  1 3  and 14. 
Crossover  Design. The c r o s s o v e r  d e s i g n  i s  b a s e d  o n  t h e  r e s u l t s  o f  a n  e x p e r i -  
mental   program  that  w a s  c o n d u c t e d  f o r  t h e  SSME high-pressure  turbopump. The 
c r o s s o v e r  d e s i g n  w h i c h  y i e l d e d  t h e  h i g h e s t  e f f i c i e n c y  u s e d  a r a d i a l  d i f f u s e r  
followed  by a 3.14-radian (180 degrees )   vane le s s   t u rn .   Af t e r   t he   t u rn ,   t he  
f low en te red  a tandem di f fuser  ( two b lade  rows g u i d i n g  t h e  f l o w  t o  t h e  e n t r a n c e  
o f   t h e   f o l l o w i n g   s t a g e ) .   F i g u r e  8 shows t h e   c o n c e p t   s c h e m a t i c a l l y .  
The f i r s t  s t e p ,  t h e r e f o r e  , was t o  
d e f i n e  t h e  d i f f u s e r  w h i c h  f o l l o w s  
t h e  i m p e l l e r  and which i s  i d e n t i c a l  
f o r  a l l  t h r e e   s t a g e s .  The d i f f u s e r  
i n l e t  d i a m e t e r  was set a t  11 c m  
( 4 . 3 6  i n c h e s ) ,  w h i c h  r e s u l t s  i n  a 
gap  of  3.8 m (0.15  inch)  between 
i m p e l l e r  d i s c h a r g e  a n d  d i f f u s e r  
i n l e t .   T h i s   v a l u e   r e p r e s e n t e d   a n  
acceptable  compromise between the 
tendency  to  minimize  t h e  gap  to  
ma in ta in  low hydrodynamic losses  
a n d  t h e  d e s i r e  t o  m a i n t a i n  a s u f f i -  
c i e n t l y  l a r g e  c l e a r a n c e  t o  a v o i d  
l a r g e  p r e s s u r e  f l u c t u a t i o n s  on 
t h e  impeller vanes.  
RAD IAL 
Figure  8 . Radia l   Di f fuser   and   Crossover  
The d i f f u s e r  i s  a l s o  a s t r u c t u r a l  member r e q u i r i n g  a p p r o x i m a t e l y  40% metal 
v o l u m e .  A f t e r  s e v e r a l  i t e r a t i o n s ,  t h i s  c o n d i t i o n  was s a t i s f i e d  by u s i n g  11 
vanes  wi th  a discharge diameter  of  13.9 cm (5 .48  inches ) .  
The i n l e t  a n d  e x i t  w i d t h  o f  t h e  d i f f u s e r  i s  s e t  a t  3.8 mm (1.5 i n c h ) .  The flow 
l e a v e s  t h e  impeller a t  an  ang le  o f  0 .14  r ad ian  ( 8 . 2  d e g r e e s )  f r o m  t a n g e n t i a l ,  
r e s u l t i n g  i n  a cu component  of  367 m / s  (1204 f t / s e c )  a n d  a cu  component  of  53 
m / s  (174 f t / s e c ) .  Based   on   t hese   f l ow  cond i t ions ,   t he   d i f fuse r   pas sage  i s  
ca l cu la t ed   u s ing   Rocke tdyne ' s   d i f fuse r   p rog ram.  The r e s u l t s  are shown i n  
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Figure 9. Mark 48-F Fuel  Impeller  Vane Thickens Distribution 
2.0 
0 10 20 30 40  50 60 70 80 90 100 
I N L E T  P E R C E N T   M E R I D I O N A L   E N G T H  
D I SCHARGE 
Figure 10. Fuel  Impeller  Relative  Velocities,  Inner  Streamtube 
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.Figure 11. Fuel  Impeller  Relative Velocities, Outer  Streamtube 
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Figure 12. Fuel  Impeller  Pressure  Loading 
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F i g u r e  13. I m p e l l e r   C r o s s - S e c t i o n   L a y o u t  With F u l l  Blade 
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Figure 14. Impeller  Cross-Section  Layout  With  Partial 
Blade Wrap  Angles 
Fig.  15 through 18. F igu re  15 shows t h e  v a n e  a n g l e  v a r i a t i o n  a l o n g  t h e  d i f f u s e r  
p a s s a g e ,  a n d  F i g . 1 6  p r e s e n t s  t h e  area. F igure  1 7  shows t h e  p r e s s u r e  d i s t r i b u -  
t i o n  o n  t h e  v a n e  s u c t i o n  a n d  p r e s s u r e  s i d e ,  a n d  F i g . 1 8  i l l u s t r a t e s  t h e  d i f f u s e r  
cascade  . 
The r a d i a l  v a n e d  d i f f u s e r  is followed by a v a n e l e s s  t u r n i n g  p a s s a g e  i n  w h i c h  
t h e  r a d i a l  d i r e c t i o n  o f  t h e  f l o w  i s  t u r n e d  2 . 8  r ad ions  (162  degrees )  t o  gu ide  
the  f lu id  inward  toward  the  eye  of t h e  n e x t  i m p e l l e r .  The t u r n i n g  p a s s a g e  
is fol lowed  by  two  rows  of   vanes,   where  the  f luid is f u r t h e r  d i f f u s e d .  A t  t h e  
e x i t  f r o m  the f i n a l  row o f  b l a d e s ,  t h e  f l u i d  is d i r e c t e d  a t  a n  a n g l e  s u c h  t h a t  
t h e  i m p e l l e r  b l a d e  a n g l e s  e s t a b l i s h e d  f o r  t h e  f i r s t  s t a g e  c a n  b e  u s e d  f o r  a l l  
s t a g e s .  The number of v a n e s   i n   e a c h   o f   t h e  two blade  rows i s  set a t  17.  The 
t u r n i n g  i n  t h e  f i r s t  row is  0.339  radions  (19.4  degrees)  which,  with a s o l i d i t y  
o f  2 . 0 8  r e s u l t s  i n  a d i f f u s i o n  f a c t o r  o f  0 . 5 8 9 .  The t u r n i n g  i n  t h e  s e c o n d  row 
is  set t o  0 .72  rad ian  (41 .3  degrees)  which ,  wi th  a s o l i d i t y  o f  1 . 5 3  r e s u l t s  i n  
a d i f f u s i o n  f a c t o r  o f  0 . 6 0 3 .  
Volu te .  The v o l u t e  w h i c h  f o l l o w s  t h e  d i f f u s e r  o f  t h e  t h i r d  s t a g e  i s  fo lded  ove r  
away f r o m  t h e  t u r b i n e .  T h i s  t y p e  i S  s e l e c t e d  b e c a u s e  i t  r e s u l t s  i n  a s t a b l e  
s e c o n d a r y  v o l u t e  f l o w  p a t t e r n  a n d ,  c o n s e q u e n t l y ,  a n  optimum e f f i c i e n c y .  
The c a l c u l a t e d  v e l o c i t i e s  a t  t h e  t h i r d - s t a g e  d i f f u s e r  e x i t  are: 
C i r c u m f e r e n t i a l  v e l o c i t y  C = 183 m / s  (600 f t / s e c )  
R a d i a l  v e l o c i t y  C = 4 1  m / s  (134 f t / s e c  
A b s o l u t e  v e l o c i t y  C = 1 8 7  m / s  (615 f t / s e c )  
V e l o c i t y  d i r e c t i o n  = 0.219 rad ian   (12 .6   degrees)  
U 
m 
The v o l u t e  area d i s t r i b u t i o n  w a s  c a l c u l a t e d  i n  0 . 3 5  r a d i a n  (20 degrees) wrap 
a n g l e  i n t e r v a l s ,  u s i n g  a recovery  fac tor  of  0 .70  and  a b l o c k a g e  f a c t o r  of 
0.70.  The r e s u l t i n g  area d i s t r i b u t i o n  is shown i n  F i g .  19.  
Pump Per formance   Predic t ion .  The o v e r a l l  pump h e a d r i s e  a n d  e f f i c i e n c y  w a s  
c a l c u l a t e d  b a s e d  o n  t h e  i s e n t r o p i c  e n t h a l p y  rise ob ta ined  f rom ac tua l  
p r o p e r t i e s .  
The i s e n t r o p i c  h e a d r i s e  i s  d e f i n e d  a s :  
His J x Ahis 
where 
= I s e n t r o p i c  h e a d r i s e  f r o m  a c t u a l  f l u i d  p r o p e r t i e s ,  J f k g  ( B t u / l b )  
J = Mechan ica l   equ iva len t  of h e a t  (1.0 i n  SI u n i t s ,  778  i n  
E n g l i s h  u n i t s )  
His = H e a d r i s e ,   J / k g   ( f t - l b / l b )  
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F i g u r e  15 .  Mark 48-F Pump D i f f u s e r   V a n e   A n g l e  
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Figure 16. Mark 48-F Pump  Diffuser  Area 
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Figure 17.  Mark 48-F  Pump  Diffuser  Pressure  Diagram 
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Figure  18 .  Mark 43-F Pump Di f fuse r   Des ign  
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F i g u r e  1 9 .  Mark  48-F Pump V o l u t e  Area D i s t r i b u t i o n  
W i t h  t h a t ,  t h e  e f f i c i e n c y  is  c a l c u l a t e d  
p2 
i s  = - 
t 
= (see Fig .  20) 
The process  is  assumed t o  b e  a d i a b a t i c .  
T h e  i s e n t r o p i c  e n t h a l p y  rise r e p r e s e n t s  
t h e   i d e a l  pump ( w i t h o u t   l o s s e s ) .  The 
l o s s e s  are assumed t o  go i n t o  h e a t i n g ,  
r e s u l t i n g  i n  a n  a c t u a l  t e m p e r a t u r e  
T2ac t  * 
To e s t a b l i s h  t h e  t h e o r e t i c a l  p e r f o r -  
mance o f  t h e  pump, the  energy  added  
t o  t h e  f l u i d  i s  c a l c u l a t e d  s u c c e s s -  
i v e l y  a t  each pump element  as w e l l  as 
t h e  l o s s e s  i n c u r r e d  as a r e s u l t  o f  
f r i c t i o n ,   i n t e r n a l   e a k a g e ,  e t c .  The 
p r e d i c t e d  s ta te  p o i n t s  i n  t h e  a d i a b a t i c  
compress ion  process  are shown on an 
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Figure  20.   Mollier  Diagram 
h-s   d iagram  in   F ig .  2 1 .  B a s e d   o n   t h i s   a n a l y s i s ,   t h e   i s e n t r o p i c   e f f i c i e n c y  
o f  t h e  pump w a s  c a l c u l a t e d  as 58% b y  t h e  r e a l t i o n s h i p :  
h2 - hl 
h3 - h l  
s =  
- 
200 - ( - 9 8 )  76 - ( -98 )  = 58%  (Engl i sh   un i t s )  
Th i s  approach  y i e lds  lower  va lues  than  us ing  the  p loy t rop ic  p rocess  and ,  a t  
t h e  same time, i s  more r e p r e s e n t a t i v e  of t h e  real  process ,  which i s  c l o s e r  t o  
constant   volume.  The l o s s e s   u s e d   i n   c o m p u t i n g   t h e  pump c h a r a c t e r i s t i c  are 
summarized i n   T a b l e   3 , . a n d   t h e  pump map i s  shown i n  F i g .  22. A summary of 
t h e   p r i n c i p a l  pump des ign   parameters  is  i n c l u d e d   i n   T a b l e  4 .  Figures  23 
t h r o u g h  2 6 , p r e s e n t  t h e  p r e s s u r e ,  t e m p e r a t u r e ,  i n t e r n a l  f l o w ,  a n d  f l u i d  d e n s i t y  
l e v e l s  c a l c u l a t e d  a t  s i g n i f i c a n t  s t a t i o n s  o f  t h e  t u r b o p u m p .  
Turbine Aerothermodynamic Analysis 
The  Mark 48 t u r b i n e  d e s i g n  r e p r e s e n t s  a n  a d v a n c e m e n t  i n  t h e  s t a t e - o f - t h e - a r t  
w i th  r ega rd  to  tu rb ine  ho r sepower  deve loped  re la t ive t o  t u r b i n e  s i z e  a n d  w e i g h t .  
T h i s  t u r b i n e  d e s i g n  was i n f l u e n c e d  p r i n c i p a l l y  by t h e  o p e r a t i o n a l  c o n s t r a i n t s  
of  the  s taged-combust ion-cyc le  type  engine  for  which  th i s  component  i s  be ing  
i n v e s t i g a t e d .  The d e s i g n   p r e s s u r e   r a t i o   a n d  mass f low  requi rements   had   the  
g r e a t e s t  e f f e c t  o n  t h e  c o n f i g u r a t i o n .  P r e s s u r e  r a t i o  w a s  minimized t o  a va lue  
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TABLE 3. MARK 48-F PUMP LOSS PARAMETERS 
~" ~ 
Impel le1 
0.00006: 
- 
0.00239 
0.00826 
0.00023 
- 
Vane1,ess 
Space - 
Blockage 
Roughness 
Momentum Loss 
Coefficient 
Incidence Loss 
Coefficient 
Skin Friction 
Loss Coefficient 
Diffusion Loss 
Coefficient 
Exit Diffuser 
Loss Coefficient 
;tQ = 653 gpm; N = 95,000 rpm 
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"- _ _  _ _  - .. ". .. . - .. . .. -_.___--- 
o.000063 
- 
- 
0.01 139 
- 
- 
. . . . . . . . . - 
Di f fuser 
I 
0.9 10.85 
0.000063 
- 
0.0007 
0.02313 
0.01386 
Vol  Ute 
0.000063 
0.00198 
0.01221 
0.001 19 
35 
40 
35 
30 
r 
1 -  
I 
! 
' t  
4 - 
w cn 
+I 
w a 
3 
2500 
2 a 
1500 
5 00 
.) 
w cn 2 20 
w 
c4 
cn 3 
v) 
a 2 15 
10 
5 
I 
I 
I 
I I I " I 
Isentropic .SO 
I 
~ ' 55,000 
I I I I I 1 I 
0 1 2 3 4 5 
- 
INLET FLOW, kg/s 
INLET FLOW, lb / s  
0 
U"" I 
2 4 6 8 10 
I 1 1 1 
1'2 
F i g u r e  2 2 .  Mark 48F Pump  Performance 
36 
TABLE 4 .  SMALL, HIGH-PRESSURE LH2  TURBOPUMP NOMINAL DESIGN PARAMETERS 
_____- 
Number of S tages  
I m p e l l e r  I n l e t  T i p  D i a m e t e r  
I m p e l l e r  I n l e t  Hub D i a m e t e r  
I m p e l l e r  I n l e t  A n g l e  a t  T i p  
I m p e l l e r  I n l e t  A n g l e  a t  Hub 
Number o f  I m p e l  l e r  Vanes a t  I n l e t  
Number o f  I m p e l l e r  V a n e s  a t  D i s c h a r g e  
I m p e l l e r  D i s c h a r g e  D i a m e t e r  
I m p e l l e r  D i s c h a r g e  A n g l e  
I m p e l l e r  D i s c h a r g e  W i d t h  
I m p e l l e r  T i p  S p e e d  
Vaned D i f f u s e r   I n l e t   D i a m e t e r  
Vaned D i f f u s e r   D i s c h a r g e   D i a m e t e r  
Number o f  D i f f u s e r  Vanes 
D i f f u s e r  P a s s a g e  W i d t h  
C r o s s o v e r   I n l e t   D i a m e t e r  
C r o s s o v e r  F i r s t - R o w  D i s c h a r g e  D i a m e t e r  
Crossover   Second-Row  D ischarge   D iamete r  
C r o s s o v e r   I n l e t   A n g l e  
C r o s s o v e r   F i r s t - R o w   D i s c h a r g e   A n g l e  
C r o s s o v e r   S e c o n d - R o w   I n l e t   A n g l e  
C r o s s o v e r   S e c o n d - R m   D i s c h a r g e   A n g l e  
I s e n t r o p i c  H e a d / S t a g e  
O v e r a l l   I s e n t r o p i c  Head 
S t a g e  H e a d  C o e f f i c i e n t  
I m p e l l e r   I n l e t   F l o w   C o e f f i c i e n t  
I m p e l l e r  I n l e t  F l m  C o e f f i c i e n t  
I m p e l l e r   D i s c h a r g e   F l o w   C o e f f i c  
I m p e l l e r   D i s c h a r g e  F low C o e f f i c  
S t a g e   I s e n t r o p i c   E f f i c i e n c y  
Overa I1 I s e n t r o p i c  E f f i c i e n c y  
Shaf t   Speed 
Pump Power 
Requ i r e d  NPSP 
( F i r s t   S t a g e ) ? :  
( S e c o n d   a n d   T h i r d   S t a g e ) *  
i e n t   ( F i r s t   S t a g e ) "  
i e n t   ( S e c o n d   a n d   T h i r d   S t a g e )  
*Va lue   based  cn z e r o  b l o c k a g e  
S I  U n i t s  
3 
4.826 crn 
3.'099 cm 
0.28 r a d i a n  
0.45 r a d i a n  
6 
12 
10.31 un 
0.655 r a d i a n  
3.81 mn 
512.97 n/s  
11.07 un 
13.91 cm 
I I  
3.81 mm 
13.72 cm 
9.779 cm 
6.35 cm 
0.206 r a d  i an 
0.471 r a d i a n  
0.394 r a d i a n  
1.047 r a d i a n s  
15,647 m 
41.415 m 
0.576 
0.159 
0.194/0.1675 
0.071 
0.086 
70.0% 
58% 
9946 r a d / s  
1896 kW 
406 m 
E n g l i s h  U n i t s  
3 
1.90 i n c h e s  
1.22 i n c h e s  
16 d e g r e e s  
26 d e g r e e s  
6 
12 
4.058 i n c h e s  
37.5 d e g r e e s  
0.150 i n c h  
I683 f t / s e o  
4.36 i n c h e s  
5.48 i n c h e s  
1 1  
0.150 i n c h  
5.4 i n c h e s  
3.9 i n c h e s  
2.5 i n c h e s  
11.8 d e g r e e s  
27 d e g r e e s  
26.6 d e g r e e s  
60 d e g r e e s  
51.334 f e e t  
135,876 f e e t  
0.576 
0.159 
0. 19W0.1875 
0.071 
0.086 
70.0% 
58% 
95,000 rpm 
2543 hp 
1332 f e e t  
~- 
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F i g u r e  23. Mark 48 F u e l  Turbopump Static Pressures (SI Units) 
EXIT: 4567 PSlA 
F i g u r e  23.  Mark 48 Turbopump S t a t i c  Pressure (English Units) 
EXIT: 60 K 
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F i g u r e  24 .  Mark 48-F Turbopump Fluid Static 
Temperature (SI Units) 
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Figure 2 4 .  Mark  48-F  Turbopump Fluid Static 
Temperature  (English Units)  
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Figure  25 .  Mark 48-F Turbopump Flows ( S I  Units)  
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F i g u r e  25 . Mark 48-F Turbopump Flows (English Units) 
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Figure  26.  Mark 48 Fue l  Turbopump F l u i d  D e n s i t i e s  ( S I  Units)  
(3- EXIT: 436 LB/FT3 
... 
A 
Figure 26.. Mark 48 Fuel  Turbopump Fluid Densities (English Units) 
of  1 .443  (T-T)* t o  maximize t h r u s t  chamber  des ign  p res su re ,  and  ove ra l l  eng ine  
performance. The tu rb ine  des ign  speed  and  power , which were f ixed  by  the  hydro -  
gen pump r e q u i r e m e n t s  i n  t h i s  t u r b o p u m p ,  are r e s p e c t i v e l y  9947 rad/s  (95,000 
rpm) and  2543  horsepower. The p r e b u r n e r  p r o v i d e s  t u r b i n e  L02/LH2 w o r k i n g  f l u i d  
a t  a t o t a l  i n l e t  pressure  of  2358 N/cm2 (3420 ps i )  , a t o t a l  i n l e t  t e m p e r a t u r e  
of 1033 K (1860 R ) ,  and a mass f lowra te  o f  3..02 kg / s  (6 .66  lb / sec ) .  A tabula-  
t i o n  o f  p r i n c i p a l  t u r b i n e  p a r a m e t e r s  a p p e a r s  i n  T a b l e  5 .  
The gas  pa th  des ign  w a s  evo lved  wi th  L02/LH2 combus t ion  gas  p rope r t i e s  e s t ab -  
l i s h e d  by t h e  J o i n t  Army-Navy-Navy-NASA-Air Force  committee.  A t  t he   1 .443  
(T-T) d e s i g n  p r e s s u r e  r a t i o ,  t h e  t u r b i n e  i s e n t r o p i c  a v a i l a b l e  e n e r g y  [Ah,, 
T-S**] i s  858  kJ/kg  (369  Btu/lb).  The requ i r ed   t u rb ine   power   canno t   be  
developed  by a s i n g l e - r o w  c o n f i g u r a t i o n ;  f o r  t h e  s u b s o n i c  g a s  p a t h  c o n d i t i o n s  
i n  t h i s  a p p l i c a t i o n ,  a two-s tage  reac t ion  des ign  w a s  s e l e c t e d .  
The d i s t r i b u t i o n  o f  t h e  1 . 4 4 3  p r e s s u r e  r a t i o s  a c r o s s  t h e  f o u r g a s - p a t h  e l e m e n t s  
is c r i t i c a l  i n  t h i s  t y p e ,  s m a l l - s i z e   t u r b i n e   c o n f i g u r a t i o n .   I n   t h e   f i n a l   d e s i g n ,  
t h e  power s p l i t  b e t w e e n  t h e  f i r s t  a n d  s e c o n d  s t a g e s  i s  52% and 48%,  respec t ive ly .  
The d e s i g n  v e l o c i t y  r a t i o  [ U / C O ,  T-TI w a s  f i x e d  a t  0.483. A t  t h e  9947 r a d / s  
(95,000 rpm) d e s i g n  s p e e d ,  t h e  p i t c h  l i n e  v e l o c i t y  i s  442 m/s (1451' f t / s e c ) ;  t h e  
t u r b i n e   p i t c h   d i a m e t e r  i s  c o n s t a n t  a t  8.89 cm (3 .50   i nches ) .   F igu re  27 d e p i c t s  
t h e  t u r b i n e  v e l o c i t y  d i a g r a m  at  d e s i g n  c o n d i t i o n s ;  t h e  f i r s t -  a n d  s e c o n d - s t a g e  
v e l o c i t y  d i s t r i b u t i o n  w a s  a t t a i n e d  w i t h  2 9 . 7 %  a n d  2 6 . 0 %  r e a c t i o n ,  r e s p e c t i v e l y .  
The w o r k i n g  f l u i d  t o t a l  e f f e c t i v e  e n e r g y  [Ah,], a t  e a c h  g a s - p a t h  s t a t i o n ,  con- 
sists o f  t h e  sum o f  the  e f f ec t ive  gas  expans ion  ene rgy  [Ah,,], a n d  t h e  e f f e c t  
k i n e t i c   e n e r g y  [Ahev] of t h e   f l u i d .  The e f f e c t i v e   e x p a n s i o n   e n e r g y   i n   t h e  
n o z z l e s  a n d  r e a c t i o n  b l a d i n g  was c a l c u l a t e d  b y  a d j u s t i n g  t h e  i s e n t r o p i c  a v a i l -  
ab l e   ene rgy  [Ah,] f o r  t h e  p r e s s u r e  r a t i o ( s )  e x i s t i n g  a c r o s s  e a c h  g a s - p a t h  
e l e m e n t ,  a n d  f o r  t u r b u l e n c e  a n d  f r i c t i o n  l o s s e s  w i t h  a p p l i c a b l e  e x p a n s i o n  
e n e r g y   c o e f f i c i e n t s  [ G 2 ] .  The energy  and loss c o e f f i c i e n t s   u s e d   f o r   t h i s  
des ign  were evolved  dur ing  previous  rocke t  tu rb ine  deve lopment  programs,  and  
were s e l e c t e d  as a f u n c t i o n  o f  n o z z l e  a n d  r o t o r  d e f l e c t i o n  a n g l e s  a n d  w i d t h s ,  
and  f low condi t ions .  
The w o r k i n g  f l u i d  k i n e t i c  e n e r g y  [Ah,] a t  the  en t r ance  o f  a n o z z l e  o r  r o t o r  is 
e q u i v a l e n t   t o   t h e   f l u i d   v e l o c i t y  a t  t h a t  s t a t i o n .  The hv i s  norma l ly   co r rec t ed  
f o r  f r i c t i o n  l o s s e s  w i t h  a k i n e t i c  e n e r g y  l o s s  c o e f f i c i e n t  [q2] , a n d  f o r  i n c i -  
dence  and i n l e t  r e l a t i v e  Mach number l o s s e s .  
The t o t a l  e f f e c t i v e  e n e r g y  [Ah,] a v a i l a b l e  t o  t h e  n o z z l e  a n d  r o t o r  g a s  p a t h s  
i s  made  up o f   t h e  sum o f   t he   e f f ec t ive   expans ion   ene rgy  [Ah,,]. The nozz le  
a n d  b l a d i n g  i n l e t  r e l a t i v e  v e l o c i t i e s  are a l l  subsonic ,  and no Mach number 
c o r r e c t i o n s  were necessa ry .  The e x p a n s i o n   e n e r g y   a n d   k i n e t i c   e n e r g y   c o e f f i -  
c i en t s ,  wh ich  were a p p l i e d  t o  t h e  Mark 48-F t u r b i n e  d e s i g n ,  a p p e a r  i n  T a b l e  
6. A s t a t i o n - t o - s t a t i o n   t a b u l a t i o n   o f   t h e   t u r b i n e   g a s - p a t h   d e s i g n   p r e s s u r e  
$ < T o t a l  t o  t o t a l  
*?;Total t o  s t a t i c  
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TABLE 5. TURBINE DESIGN OPERATING  CONDITIONS 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
' 0 .  
11.  
12. 
C o n f i g u r a t i o n  
W o r k i n g  F l u i d  
T u r b i n e   T o t a l   I n l e t   P r e s s u r e  (P,) 
Tu rb ine   To ta l   I n le t   Tempera tu re   (T  ) 
Tu rb ine   P ressu re   Ra t io  (PRt)  (T-T) 
Tu rb ine  Mass F lowra te  (W,) 
Tu rb ine  Speed, (N) 
Pi t ch   D iamete r  (Dm) 
P i t c h  L i n e  V e l o c i t y  (Urn) 
V e l o c i t y  R a t i o ,  Two Stage (U/Co) (T-T) 
T u r b i n e   E f f i c i e n c y  (qt), % (T-T) 
Turbine  Horsepower  (hpt) 
tl 
SI U n i t s  
Two-Reaction  Stages 
E n g l i s h  U n i t s  
L02/LH2 
2358 N/cm2 I 3420 ps  i a  1033 K 1860 R 
1.443 
3.02 Kg/s 
95,000  rpm 9947 rad/s  
6.66 1 b/sec 
1451 f t /sec  442  m/s 
3.50 inches 8.89 cm 
0.483 
75.4 
1829 kW 2543 hp 
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Figure  27 .  Mark 48-F Turbine  Veloci ty   Diagram ( S I  U n i t s )  
48 
17 
1451 FTISEC 
1451 FTISEC 
Figure  27. Mark 48-F Turbine Veloc i ty   Diagram  (Engl i sh  Units) 
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TABLE 6 . GAS PATH ENERGY COEFFICIENTS 
F i r s t  S t a g e  
N o z z l e  Vanes 
Rotor B 1 ades 
Second Stage 
N o z z l e  Vanes 
Rotor B 1 ades 
Expans i o n  
E n e r g y   C o e f f i c i e n t  (9 ) 2 
0 . 9 1 6  
0.832 
0 . 8 9 0  
0 . 8 4 1  
~ "" ~ "" . . 
K i n e t i c  
E n e r g y   C o e f f i c i e n t  (I) ) 2 
. . - - -. . .- - . . . . . .  
0.000 
0 . 6 6 5  
0 . 7 8 0  
0.681 
a n d  t e m p e r a t u r e  d i s t r i b u t i o n  d a t a  e s t a b l i s h e d  f o r  t h i s  d e s i g n a p p e a r s  i n  P i g .  
28. The r e s u l t a n t   p l o t   o f   p r e d i c t e d   t u r b i n e   e f f i c i e n c y ,   f o r   v e l o c i t y   r a t i o s  
ranging   f rom 0 t o  0 .60,  i s  d e p i c t e d   i n   F i g .   2 9 .  A t  d e s i g n   c o n d i t i o n s ,   t h e  
p r e d i c t e d  t u r b i n e  e f f i c i e n c y  i s  75.35% (T-T) . 
A t a b u l a t i o n  o f  t h e  t u r b i n e  g a s  p a t h  e n e r g y  a n d  l o s s  d i s t r i b u t i o n  a p p e a r s  i n  
Table  7 . It: c o n t a i n s  t h e  i s e n t r o p i c  e n t h a l p y  d r o p  f o r  e a c h  g a s - p a t h  e l e m e n t ,  
t% a d j u s t m e n t s  f o r  e x p a n s i o n  e n e r g y  a n d  k i n e t i c  e n e r g y  l o s s e s ,  a n d  a n  a c c o u n t -  
i n g  o f  a v a i l a b l e  e n e r g y  a n d  t h e  r e s u l t i n g  e n e r g y  e q u i v a l e n t  o f  t u r b i n e  w o r k .  
F o r  t h e  t o t a l  832 kJ/kg. ,   (359.4  Btu/ lb  (T-T) [ 858  kJ/kg,   369  Btu/ lb  (T-S)] 
i s e n t r o p i c  a v a i l a b l e  e n e r g y  t o  t h e  t u r b i n e ,  a t  d e s i g n  p r e s s u r e  r a t i o  a n d  
s p e e d ,  t h e  e n e r g y  e q u i v a l e n t  o f  t h e  t u r b i n e  e x i t  e n e r g y  l o s s  i s  22.3 kJ/kg 
(9 .6  B tu / lb )  . The t u r b i n e  e x i t  e n e r g y  is  n o t  c h a r g e d  t o  t h e  t u r b i n e  b e c a u s e  
t h e  e n g i n e  s y s t e m  s u b s e q u e n t l y  u t i l i z e s  i t  in  the  second  phase  o f  combus t ion  
i n   t h e   t h r u s t  chamber.  Gas-path l o s s e s   a c c o u n t   f o r   1 5 0  kJ/kg-   (64.4  Btu/ lb) ,  
a n d  t h e  d i a g r a m  e f f i c i e n c y  a d j u s t m e n t s  is  equiva len t  to  60 .4  kJ ' /kg  (26  Btu / lb)  . 
T h e r e f o r e ,   f o r  a t o t a l  832  kJ/kg  (359.4  Btu/lb) (T-T) a v a i l a b l e   i n   t h e   t u r b i n e  
g a s  p a t h ,  629 kJ/kg  (270.81  Btu/ lb)  are u t i l i z e d  t o  d e v e l o p  t h e  d e s i g n  s h a f t  
horsepower ,   for  a 75.35% (T-T) p r e d i c t e d   t u r b i n e   e f f i c i e n c y .  A r e h e a t   o f  4180 
J / k g  (1.8 Btu / lb )  is e x p e r i e n c e d  i n  t h e  g a s  p a t h .  
I n  a d d i t i o n  t o  t h e  a e r o t h e r m o d y n a m i c  r e q u i r e m e n t s ,  t h e  t u r b i n e  d e s i g n  w a s  in -  
f l uenced  by stress a n d  m a n u f a c t u r i n g  c o n s t r a i n t s  a s s o c i a t e d  w i t h  t h e  small 
h i g h l y  l o a d e d  t u r b i n e  d e t a i l  p a r t s .  A data summary d e s c r i b i n g   t h e   n o z z l e   a n d  
b l a d e   f i n a l   d e s i g n   c o n f i g u r a t i o n s   a p p e a r s   i n   T a b l e  8 . The nozz le   vane   and  
b l a d e  p r o f i l e s  were l a i d  o u t  f o r  p i t c h - l i n e  s ta te  c o n d i t i o n s  a n d  v e l o c i t i e s ;  
t h e  r e s u l t a n t  s h o r t  b l a d i n g  d i d  n o t  r e q u i r e  any  ad jus tmen t s  fo r  r ad ia l - f low 
v a r i a t i o n s  i n  t h e  r e s p e c t i v e  f l o w  c h a n n e l s ,  a n d  are t h e r e f o r e  s t r a i g h t  s e c t i o n s  
f r o m  r o o t  t o  t i p .  A n a l y t i c a l  p r e d i c t i o n s  o f  t h e  p r e s s u r e  a n d  s u c t i o n  p r o f i l e  
v e l o c i t y  d i s t r i b u t i o n s ,  f r o m  t h e  l e a d i n g -  t o  t r a i l i n g - e d g e  p l a i n s ,  were e s t a b -  
l i s h e d   a n d   n o   u n a c c e p t a b l e   a c c e l e r a t i o n s  were f o u n d  t o  e x i s t .  P r o f i l e s  o f  t h e  
nozz le  vanes  and  ro to r  b l ades  are d e p i c t e d  i n  F i g .  30 th rough 3 3 ;  t h e  c o r r e s -  
p o n d i n g  p l o t s  o f  t h e  v e l o c i t y  d i s t r i b u t i o n  f o r  t h e s e  g a s - p a t h  e l e m e n t s  a p p e a r  
i n  F i g .  34 through 37. 
5 0  
.- 
MK48-F T U R B l  FIE GAS PATH 
SPEED: 9947 rad/s I 
STAT I ON 
PRESSURE, N/cm 2 
TOTAL 23 58 
STAT I C 
TEMPERATURE, K 
TOTAL 1033 
STAT I C 
STAGE 
PRESSURE  RAT IO ( T - T )  
REACTION, % 
U/C, (T- S )  
POWER, % 
c / \ A  J 
1 -R 
WORK1 NG F L U  I D - L 0 2 L H 2  
21 15 1959 
2054  1936 
1008 994 
1001 99 1 
1 
1.204 
0.462 
29.7 
51.9 
1747 1635 
1696 1618 
969 957 
962 954 
2 
1.199 
0.476 
26.0 
48.1 
Figure 28. Mark 48-F Turbine  Pressure and Temperature  Distribution (SI Units) 
MK48-F  "" ___ TURBINE  GAS  PATHWORKING  FLUID-L02 / LH2 
SPEED N, 
STAT1 ON 
PRESSURE, P S l A  
TOTAL 3420  3068 2841 2534 2371 
STAT I C 2979 .2808 2460  2347
TEMPERATURE, R 
TOTAL 1860  1815 1789  1744  1722 
STATIC 180 1 1783  173 1 17  17 
STAGE 
PRESSURE  RATIO (T-T)  1.204 
REACT1 ON, % 29.7 
U/C, , ( T - S )  0.462 
HORSEPOWR, (70) 1320 ( 51.9 1 
1 2 
1.199 
26.0 
0.476 
1223 (48.1) 
Figure  28. Mark 48-F Turbine  Pressure  and  Temperature   Distr ibut ion  (Engl ish  Units)  
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TABLE 7. TURBINE ENERGY AND LOSS DISTRIBUTION 
(SI UNITS) 
Gas Path   Losses  
E f f e c t i v e  
I s e n t r o p i c   E x p a n s   i o n  
E n t h a l p y  (At?,), Energy  (Ah,,), 
k J / k g   k J / k g  
F i r s t - S t a g e   N o z z l e  Vanes 323.8  296.6 
F i r s t - S t a g e  Rotor B l a d e s  136. 1 113.3 
Second-Stage  Nozz le  Vanes 297.3  264.9 
Second-S tage   Ro to r   B lad s  104.0 87.4 
€ x i  t Energy  Loss ,  J / kg  
T u r b i n e   D i a g r a m   E f f i c i e n c y   A d j u s t m e n t ,   J / k g  
(AhS)  (q t   D iagram) = (857.6)  10.804)  689.5 
(Ahs )   ( r l t   Ad jus tmen t )  = (857.6)  (0.734) = 629.5 
60.0 
Equ iva len t   Leakage   Energy  Loss k J / h g  
Losses ( l ) + ( 2 ) + ( 3 ) + ( 4 )  = AhL ,   kJ / kg  
T u r b i n e  E f f i c i e n c y  
Ah = 629.5 k J / k g  
w o r k  
A h i s e n t r o p i c  - Ahwork 
Ahwo r k 
= 857.6 - 629.5 = 228.1 
+ AhL = 629.5 + 232.1 = 861.6 
Gas Path  Reheat  = 232. 1 - 228.1 = 4.0  
't = 857.6 - 22.3 6 2 9 ' 5  = 0 . 7 5 3 5  ( T - T )  
n t  = m 6 2 9 ' 5  = 0.734 
E n t e r i n g   E f f e c t i v e  
K i n e t i c  K i n e t i c  Energy  
Energy   (Ahev) ,  Energy   (Ahev) ,  LOSS (AhL),  
k J / k g  k J / k g  k J / k g  
27.2 
68.9  45.8  23.1 
22.8 
27.3  21.3 6 .O 
33.0 
66.0  44.9 21 .1  
16.6 
22.3 
60.06 
0 
232.1 
TABLE 7. TURBINE ENERGY AND LOSS DISTRIBUTION 
(ENGLISH UNITS 
Gas Path  Losses 
E f f e c t i v e  
I s e n t r o p i c  
E n t e r i n g  
Expans i o n  
E f f e c t i v e  
K i n e t i c   K i n e t i c  
E n t h a l p y  (Ah,), Energy  (Ahes) ,   Energy  (Ahev) ,   Energy (Ah,,), Loss (AhL), 
Energy 
B t u / l b   B t u / l b   B t u / l b   B t u / l b   B t u / l b  
F i r s t - S t a g e  Nozzle Vanes 139.31 
F i r s t - S t a g e   R o t o r   B l a d e s 58.57 
Second-Stage Nozzle Vanes 128.17 
Second-Stage  Rotor   B lades 44.75 
E x i t  E n e r g y  Loss, B t u / l b  
T u r b i n e  D i a g r a m  E f f i c i e n c y  A d j u s t m e n t ,  B t u / l b  
(AhS) (Tit Diagram) = (369)(0.804) = 296.81 
270.81 
(Ahs)   (n t   Ad jus tment )  = (369)  (0.734) = 16.00 
Equiva len t   Leakage  Energy  Loss, B t u / l b  
Losses (1)+(2)+(3)+(4)  = A h L ,   B t u / l b  
T u r b i n e  E f f i c i e n c y  
A hwo r k  = 270.81 B t u / l b  
127.64 
29.64 19.69 
48.74 
11.74 9.15 
114.00 
28.39  19.34 
37.62 
Ahisentropic - Ahwork = 369.0 - 270.81 = 98.19 B t u / l b  
Ahwork + AhL = 270.81 + 99.99 = 370.8 B t u / l b  
Gas Path  Reheat  = 99.99 - 98.19 - 1.8 B t u / l b  
't = ( 3  9.0-9. 
270.81 - nt = 369.0- - 0.7339 (T-5)  
270'81 6) = 0.7535 (T-T) 
11.67 
9.96 
9.83 
2.60 
14.17 
9-05 
7.13 
9.60 
26.00 
0.00 
99.99 
TABLE 8. TURBINE NOZZLE AND ROTOR  BLADE DESIGN 
(9947 rad/s; 95,000 rpm) 
~~ 
S tage 
1 2 
N- 1 
8.89 
41 
0.71 1 
____" 
4.55 
1.57 
0.30 
- 
2.39 
0. I 8  
"" 
1 -R N-2 2-R 
8.89 
52 
0.838 
8. I 4  
0.70 
0.42 
442 
1.12 
0. I 8  
P i t c h   D i a m e t e r  (DM),  crn 
Number o f  Elements (Z) 
H e i g h t ,  cm 
Throat   Area ,  cm 
i n l e t   A n g l e ,   r a d i a n  
E x i t   A n g l e ,   r a d i a n  
P i t c h  L i n e  V e l o c i t y  ( U ) ,  m/s 
Leading Edge, rnm 
T r a  i 1 i n g  Edge (R) , mm 
2 
8.89 
52 
0.737 
6.50 
0.65 
0.40 
442 
1.12 
0. I 8  
8.89 
41 
0.762 
5.34 
1.24 
0.31 
- 
0.69 
0.18 
( S I  Units) 
J " 
2 . . . . . . - . - 
1 - R  
. . . . . . . 
3.500 
52 
0.290 
N- 1 
" 
- - - - " - - -. 
3.500 
41  
0.280 
0.705 
90 
I 7  
- 
. - - __ 
N-2 
" .- . .___ 
3.500 
41 
0.300 
0.827 
70.8 
I 8  
- 
R = 0.027 
- 
2-R 
3.500 
52 
0.330 
1 .261 
40 
24 
1451 
0.044 
( E l  1 i p s e )  
0.007 
Stage 
P i t c h   D i a m e t e r  (DM) ,  inches 
Number o f  Elements ( Z )  
H e i g h t ,   i n c h  
Throat   Area ,   in .  
i n l e t   A n g l e ,   d e g r e e s  
Ex i t   Ang le ,   deg rees  
P i t c h   L i n e   V e l o c i t y  ( U ) ,  f t / s e c  
Leading Edge, i n c h  
2 
1 .008 
37 .5  
23 
1451 
0.044 
(E l  1 i p s e )  
0.007 
0.094 
(E l  1 i p s e )  
0.007 
. 1 "T r a i l i n g  Edge ( R ) ,  i n c h  0.007 " "" __ 
(Engl  ish  Units) 
__ 
N = 95,000 rpm 
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Figure  3 0 .  Mark 48-F T u r b i n e   F i r s t -  
Stage Nozzle Vane Shape 
F igu re  31. Mark 48-F T u r b i n e   F i r s t -  
Stage Rotor Blade Shape 
F igu re  3 2 .  Mark 48-F Turbine  Second-  Figure 3 3 .  Mark 48-F Turbine  Second- 
Stage  Nozzle  Vane Shape  St gRotor  Blade  Shape 
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F i g u r e  3 4 .  Mark 48-F T u r b i n e  First-Stage Nozzle  
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Figure 35. Mark 48-F Turbine  First-Stage  Rotor 
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Figure  3 6 .  Mark 48-F Turb ine  Second-Stage Nozzle 
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Figure 37. Mark 48-F Turbine  Second-Stage Rotor 
Axial Thrus t  Con t ro l  
For  a high-speed turbopump with hydrogen-cooled bearings,  it i s  mandatory t o  
b a l a n c e  t h e  ax ia l  forces w i t h o u t  a s k i n g  t h e  b e a r i n g s  t o  c a r r y  p a r t  of t h i s  
axial l o a d .  D u r i n g  t h e  d e s i g n  s t u d y ,  a l a r g e  number o f  d i f f e r e n t  turbopump 
des ign   concepts  were s t u d i e d .  The r e s u l t  w a s  t h a t  t h e  ax ia l  t h r u s t  c o u l d  b e  
ba l anced  on ly  by  us ing  a b a l a n c e  p i s t o n  a n d  f l o w i n g  t h e  t u r b i n e  g a s e s  away 
f r o m  t h e  pump. 
The axial  f o r c e s  o f  t h e  t h r e e  pump s t a g e s  are ba lanced  as c l o s e  as p o s s i b l e  
a g a i n s t  t h e  t u r b i n e  axial  f o r c e s  by s e t t i n g  t h e  i m p e l l e r  wear r i n g  d i a m e t e r s  
s o  t h a t   t h e   r e m a i n i n g   f o r c e s  are min imized .   Th i s   r ema in ing   ax ia l   fo rce  i s  
then balanced by a ba lance  p is ton  which  i s  i n t e g r a l  w i t h  t h e  t h i r d - s t a g e  
i m p e l l e r .  Axial t h r u s t   b a l a n c i n g   d e v i c e s   a l w a y s   r e d u c e  pump e f f i c i e n c y  d u e  
t o  t h e  u n a v o i d a b l e  l e a k a g e  l o s s e s  as wel l  as t o  t h e  d i s k  f r i c t i o n  l o s s e s .  
T h e r e f o r e ,  t h e  i n t e g r a l  d e s i g n  c o n c e p t  i s  u s e d  s i n c e  i t  a v o i d s  t h e  a d d i t i o n a l  
d i s k  f r i c t i o n  l o s s e s  i n h e r e n t  w i t h  a s e p a r a t e  b a l a n c e  p i s t o n ,  a n d  m a i n t a i n s  
t h e  number  of i n t e r n a l  r e c i r c u l a t i o n  p a t h s  a t  a minimum. F igu re  38 shows t h e  
ba l ance   p i s ton   f l ow  loop .   Because   o f   cons t r a in t s  on t h e  a v a i l a b l e  r a d i a l  
s p a c e ,  t h e  h i g h - p r e s s u r e  o r i f i c e ,  as a s sembled ,  does  no t  i nc lude  a r a d i a l  
o v e r l a p  f e a t u r e  b e t w e e n  t h e  r o t a t i n g  a n d  s t a t i o n a r y  members.  The p o s i t i v e  
d i ame t ra l  c l ea rance  o f  0 .076  mm (0.003 i n c h )  w h i c h  e x i s t s  a t  assembly between 
t h o s e  two  components is  r e d u c e d  t o  z e r o  b y  d i f f e r e n t i a l  c o n t r a c t i o n  d u r i n g  
ch i l ldown.   Subsequent ly ,  as a r e s u l t   o f   c e n t r i f u g a l   g r o w t h  of t h e   i m p e l l e r ,  
an  ove r l ap  o f  0 .127  mm (0.005 inch )  is  r e a l i z e d  a t  the  nomina l  ope ra t ing  speed  
of  9947 rad/s  (95,000 rpm) . 
The t o t a l  b a l a n c e  p i s t o n  axial  travel a t  opera t ing  tempera ture  and  nominal  
speed i s  0.254 mm (0.010 i n c h ) .   F i g u r e  39 shows t h e   n o m i n a l   f o r c e s   a c t i n g  
on t h e   i m p e l l e r s   a n d   t h e   t u r b i n e .   F i g u r e  40 shows t h e  n e t  b a l a n c e  p i s t o n  
r e s t o r i n g  f o r c e  a n d  f l o w  a s  a f u n c t i o n  o f  t h e  b a l a n c e  p i s t o n  p o s i t i o n .  
Bearing Design 
The Mark 48-F b e a r i n g s  are 20 mm b o r e ,  a n g u l a r - c o n t a c t  b a l l  b e a r i n g s  a r r a n g e d  
i n  two s p r i n g - p r e l o a d   p a i r s .  The f o r w a r d   p a i r  i s  l o c a t e d   i m m e d i a t e l y   i n   f r o n t  
o f  t h e  f i r s t - s t a g e  i m p e l l e r ;  t h e  a f t  p a i r  is  l o c a t e d  b e t w e e n  t h e  t h i r d - s t a g e  
i m p e l l e r   a n d   t h e   s h a f t  sea l .  Both p a i r s  are c o o l e d   b y   r e c i r c u l a t i n g   l i q u i d  
hydrogen. 
The Mark 48-F and Mark  48-0 bea r ings  are i d e n t i c a l .  D u a l  u s e  o f  t h e  same 
b e a r i n g  i s  t e c h n i c a l l y  f e a s i b l e  t h e  b e a r i n g  l o a d i n g  a n d  s p e e d s  are  compat ib le  
w i t h  b o t h  t h e  d e s i g n  s p e e d  o f  t h e  f u e l  pump 9947 r ad / s  (95 ,000  rpm) and t h a t  
o f   t h e   l i q u i d   o x y g e n  pump, 7329 r a d l s  (70,000 rpm) . Economy in   p rocuremen t  
was a l s o  e f f e c t e d  by  pu rchas ing  on ly  one  type  o f  spec ia l ly  des igned  bea r ing .  
The i n t e r n a l  g e o m e t r y  o f  t h e  b e a r i n g  w a s  op t imized  for  9947 rad /s  (95 ,000  rpm) 
and   formal ized   in to   the   Rocketdyne   Source   Cont ro l   Drawing ,  RES1174 (F ig .  4 1 ) .  
There w a s  no e x i s t i n g  b e a r i n g  w i t h  s a t i s f a c t o r y  d e t a i l s ,  so  a s p e c i a l  b e a r i n g  
was d e s i g n e d  a n d  f a b r i c a t e d  w i t h  t h e  f o l l o w i n g  f e a t u r e s .  
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Figure  3 8 .  Mark 48-F Balance P i s t o n  F lu id  Flow Path 
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Figure  3 9 .  Mark 48-F Turbopump Axial Forces (English Units) 
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CHARACTERISTIC . 
. . .  . 
" . 
ENVELOPE D& 
BORE 
Q!JTER DM* 
WIDTH (INDIVIDUAL  RINGS) 
(ACROSS  BEARING) 
- 
INTERNAL GEOMETRY - 
PITCH  DIA. 
RACE RADII (CUTER  ACE) 
(INNER  ACE) 
DIAMETRAL  CLEARANCE  (UNFITTED) 
(OPE RAT I NG) 
BALL  COMREh4ENT  (NUMBER) 
SHOULDER  HEIGHTS  (OUTER  ACE) 
(INNER RACE) 
CAGE  CLEARANCES (BALL POCKET) 
(GUIDING  LAND) 
(DIAMETER). 
MATERIALS - 
RACE5 
BALLS 
CAGE 
U G F  WEE THlCKNFg (AT  PITCH DIAJ 
ENGL I s i  UNITS 
e78725 DIAe +mb 
1.175 DIA. (REF.) 
52'yoF BALL DIA. (REF.) 
5 9 0 F  @ALL  DIA.  (REF.) 
e0020 TO e0023 IN. 
e 0 0 1 1  TO e0014 IN.  (REF.) 
TEN 
.1875'DIA.  (NOMINAL) 
2 0 b W  BALL  DIA.  (REF.) 
23(kOF BALL DIA. (REF3 
-020 TO -025 IK 
,003 TO ,009 IN. 
CEVM 440-C RC58-62 
CEVM 440-C R C a - 6 4  
GLASS  FABRIC 
SUPPORTED TEFLON.. (ARMALOt 
.IS IN. (REF.) 
S I  UNITS 
20 mn 
39 nm 
IO mn 
29.8  mn 
0.051 TO 0.05E 
0.028 TO 0.03f 
4.76 mn 
0.51 TO 0.64 r: 
0.08 TO 0.22 n 
3.96 mn 
8. IDENTIFY FACES "A* h"B" 
7. BALLS  HALL  BE  AFBMA  GRADE 5 
G BEARING TOLERANQS NOT SHO~N SHALL BE PEF 
5. CLEAN d PACKAGE  FOR LIQUID HYDROGEN  SEF 
4. THE  ARMALON  CAGE  SHALL  MEET  REQUIRMENTS 
3. ONLY  THE  ITEM  DESCRIBED  ON  THIS I N G  WHEh 
SUPPLIER  LISTED, IS APPROVED BY  ROCKETDYNE, 
USED  WITHOUT  PRIOR  TESTING & APPROVAL BY I 
ADDITION  THE  ROCKETDYNE  CONTROL I M G  NO. SH 
1. MFG. SHALL P R E M  ANY .NEW ' M S  REQD 6 ASS 
d SHALL OBTAIN. ROCKETDYIjE ENGRNG. REVIEW C 
I N  THE  APPLICATION  SPECIFIED  HEREON. A SVBC 
2. THE  ITEM  SHALL  BE  DURABLY  &-LEGIBLY  MARKEC 
""
. 
SI UNITS 
20 mn 
39 rm 
IO mn 
29.8  mn 
351 TO 0.058 mm 
028 TO 0.036 mn 
4.76  mn 
5 1  TO 0.64 mn 
38 TO 0 .22  mn 
3.96  mn 
;ALL BE PER ABEC 7. 
DROCEN SERVICE. (CLEAN 6 DRY) 
:QUIRMENTS OF RBOI30-013 
5 Dwc WHEN PROCURED FROM THE 
E.ON. A SUBSTITUTE  ITEM SHALL NOT BE 
'ROVAL BY ROCKETDYNE. 
ROCKETDYNE, C A W A  MRK, CALIF. FOR .USE 
BLY .MARKED  PER MIL-STD-130. IN 
W G  NO. SHALL BE MARKED ON THE ITEM. 
REQD b ASSIGN W R T  m. PER MIL-DIOOO 
IC. REVIEW OF PROPOSED CHANGES. 
"
4 
SXIRCE C NTROL  DRAWING 
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I 
1. Bear ing   S i ze .  The dimensions  of  the  dynamic  components were minimized 
t o  r e d u c e  t h e  i n e r t i a l  f o r c e s  due to  speed  as f a r  as p o s s i b l e  e v e n  
though  the  l i qu id  hydrogen  pump b e a r i n g s  DN value of  1 .9  x lo6 is 
w i t h i n  t h e  state of  technology for  l iqu id  hydrogen-cooled  bear ings .  
The p i t c h  d i a m e t e r  a n d  o u t e r  race o u t e r  d i a m e t e r  were made d i f f e r e n t  
t h a n  t h o s e  e x i s t i n g  f o r  a s t a n d a r d  metric e n v e l o p e  t o  accommodate, 
a t  minimum s i z e ,  t h e  t h i c k e r  i n n e r  race c r o s s  s e c t i o n  r e q u i r e d  t o  
w i t h s t a n d  t h e  b o l t  t e n s i o n  l o a d  i n  t h e  Mark  48-F turbopump.  'The 
t h i c k e r  i n n e r  race is a l s o  less prone t o  b r i t t l e  f r a c t u r e  f r o m  t e n s i l e  
and thermal  stresses. 
2.  Ball  Complement. A b a l l   d i a m e t e r   o f   4 . 7 6 2 5  nun (0.1875  inch) was 
s e l e c t e d  i n  p r e f e r e n c e  t o  t h e  o f f - t h e - s h e l f  b e a r i n g  s i z e  o f  5 . 5 5 6  mm 
(0.21875  inch) t o  r e d u c e  t h e  c e n t r i f u g a l  f o r c e  a n d  e x t e n d  t h e  f a t i g u e  
l i f e  o f  t h e  o u t e r  race. The  number  of b a l l s  w a s  set a t  1 0  t o  m a i n t a i n  
a web t h i c k n e s s  i n  t h e  c a g e  o f  o v e r  3 . 8 1  nun (0 .150  inch)  to  provide  
adequa te  wear l i f e  and  cage  s t r eng th .  
3 .  Race Rad i i .  The race r a d i i ,  which are expres sed  as c u r v a t u r e  (% of 
b a l l  d i a m e t e r ) ,  were s e l e c t e d  t o  o b t a i n  maximum f a t i g u e  l i f e  c o n s i s t e n t  
w i t h   p r a c t i c a l   m a n u f a c t u r i n g   l i m i t a t i o n s .  The o u t e r  race conforms 
c l o s e l y  t o  t h e  b a l l  s u r f a c e  w i t h  a 52% curva tu re .  Lower  c u r v a t u r e s  
( c lose r  confo rmi ty )  is avo ided  because  excess ive  nonro l l i ng  ac t ion  w i l l  
o c c u r  i n  t h e  b a l l - r a c e  c o n t a c t .  I n  a d d i t i o n ,  c o n t a c t  a n g l e  w i l l  vary  
r a p i d l y  f o r  small changes i n  b e a r i n g  i n t e r n a l  c l e a r a n c e  d u e  t o  manu- 
f a c t u r i n g  t o l e r a n c e s ,  p r e s s  f i t s ,  a n d  t h e r m a l  e x p a n s i o n .  
The b e a r i n g ' s  f a t i g u e  l i f e  i s  maximized i f  t h e  lives o f  t h e  i n n e r  and 
o u t e r  races are e q u a l .   T h e r e f o r e ,   t h e   i n n e r  race curva ture   o f   53% 
w a s  s e l e c t e d  t o  b a l a n c e  t h e  race l i v e s .  Use of a h i g h e r  ( l e s s  con- 
f o r m i n g )  c u r v a t u r e  o n  t h e  i n n e r  race is a reversal  of  commercial  
p r a c t i c e  f o r  low-speed  bearings.  It w a s  done   here   to   main ta in   reason-  
a b l e  l i f e ,  c o n t a c t  a n g l e ,  a n d  c l e a r a n c e  f o r  t h e  o v e r a l l  b e a r i n g  w h i l e  
m a x i m i z i n g  t h e  f a t i g u e  l i f e  o f  t h e  o u t e r  race, which i s  a d v e r s e l y  
a f f e c t e d  by b a l l  c e n t r i f u g a l  f o r c e s  a t  h igh  speeds .  
4.   Race  Shoulder  Heights.  The race s h o u l d e r s  were made deep  enough t o  
c o n t a i n  t h e  b a l l  c o n t a c t  " p r i n t s "  a t  t h e  c o n t a c t  stress l i m i t e d  a x i a l  
l oad .  This c o n f i g u r a t i o n   t a k e s   f u l l   a d v a n t a g e   o f   t h e   b e a r i n g ' s  
p o t e n t i a l  c a p a c i t y  a n d ,  a t  t h e  same time, d o e s  n o t  e x c e s s i v e l y  restrict 
t h e  c o o l a n t  f l o w  area. - 
5. Cage  Dimensions. The cage is o u t e r   l a n d   g u i d e d ,  so i t s  o u t e r   d i a m e t e r  
i s  d i c t a t e d  by t h e  o u t e r  race inne r  d i ame te r  (dependen t  on  bea r ing  
p i t c h  d i a m e t e r ,  b a l l  d i a m e t e r ,  and shoulder  height)  and adequate  mini-  
mum c l e a r a n c e .  Cage d i ame t ra l   c l ea rance   o f   0 .076  m, (0.003  inch)  
minimum a t  ambient  temperature  i s  based  on  expe r i ence  wi th  l a rge r  
c r y o g e n i c  b e a r i n g s  a n d  s c a l e d  t o  b e a r i n g  s i z e .  The cage  inne r  d i ame te r  
r- 
w a s  s e l e c t e d  t o  maximize coolant f low area a n d  t o  e n s u r e  t h a t  t h e  
b a l l  e q u a t o r s  w o u l d  m e e t  t h e  c y l i n d r i c a l  s e c t i o n  o f  t h e  b a l l  p o c k e t s  
w i t h  a minimum of  0.254 mm (0.010 inch)   margin.  The b a l l  i s . t h e n  
prevented  from  "plowing  under" the cage.  The r e s u l t i n g  diametral 
c l e a r a n c e  b e t w e e n  t h e  c a g e  i n n e r  d i a m e t e r  a n d  t h e  i n n e r  race o u t e r  
d i ame te r  is 1.778 mm (0.070 inch)  t o  1.930 mm ( 0 . 0 7 6  i n c h ) ,  r e s u l t i n g  
i n  a minimum coo lan t  f l ow area of  86 - 6  mm2 (0.134 in .  2, . The cage 
axial  c r o s s - s e c t i o n a l  area i s  I 7 0  nun2 (0 .263   inch .2) .  To provide  ade- 
q u a t e  c a g e  w e a r - l i f e  a n d  s t r e n g t h ,  t h e  c a g e  web th i ckness  be tween  the  
b a l l  p o c k e t s  w a s  h e l d  t o  3.81 mm (0.150 inch) minimum i n  s e l e c t i n g  
t h e  number of b a l l s  (10) .  The r e s u l t i n g  n o m i n a l  c a g e  web t h i c k n e s s  
a t  the p i t c h  d i a m e t e r  i s  3.96 mm (0.156 inch) .  
The  cage b a l l  p o c k e t  clearance w a s  made l a r g e  a t  0.51 t o  0 . 6 4  mm 
( 0 . 0 2 0  t o  0 . 0 2 5  i n c h )  t o  p e r m i t  b a l l  p o s i t i o n  a d j u s t m e n t s  d u r i n g  
ope ra t ion   w i thou t   excess ive   cage   fo rces .   Adequa te   pocke t   c l ea rance  
h a s  b e e n  f o u n d  t o  g r e a t l y  r e d u c e  t h e  amount of heat generated a t  
t h e  c a g e  w h e r e  r a d i a l  l o a d s  o r  m i s a l i g n m e n t s  o c c u r .  
6. Diametral Clearance .  The s p e c i f i e d   d i a m e t r a l   c l e a r a n c e  as measured 
on an unmounted bearing w a s  based  on  the  va lue  r equ i r ed  fo r  dynamic  
ope ra t ion ,  w i th  add i t iona l  amoun t s  t o  compensa te  fo r  t he  expans ion  
o f  t h e  i n n e r  race due t o  p r e s s  f i t  o n  t h e  s h a f t  a n d  c e n t r i f u g a l  
e x p a n s i o n  o f  t h e  i n n e r  race a t  speed .  
Ana lys i s .  The s e l e c t e d  b e a r i n g  d e s i g n  w a s  ana lyzed  us ing  a d i g i t a l  c o m p u t e r  
p rogram which  ca l cu la t e s  fo rces ,  de f l ec t ions ,  and  stresses f o r  e a c h  b a l l ,  a n d  
o v e r a l l  f o r c e s ,  d e f l e c t i o n s ,  a n d  f a t i g u e  l i f e  o f  t h e  i n d i v i d u a l  races and  the 
e n t i r e  b e a r i n g .  The s p r i n g   p r e l o a d s   r e q u i r e d   € o r   s a t i s f a c t o r y   o p e r a t i o n   o f  
t h e  b e a r i n g  were c a l c u l a t e d  u s i n g  a n  e m p r i c a l l y  d e v e l o p e d  r e l a t i o n s h i p  o f  
b a l l   s i z e ,   s p e e d ,   c o n t a c t   a n g l e ,   a n d   p i t c h  diameter. The p r e l o a d   r e q u i r e d  
i s  431 N (97   pounds)   for   the  LH pump b e a r i n g .  
I n  s e l e c t i n g  t h e  b e a r i n g  d e s i g n ,  a comparison w a s  made of t h e  e f f e c t  o n  l i f e  
o f  u s i n g  t h e  minimum b o r e  d i a m e t e r  w i t h  t h e  r e s u l t i n g  b e a r i n g  p i t c h  d i a m e t e r  
and   requi red   p re load .   F igure  42 p r e s e n t s   t h e  B 1  ( 9 9 %   s u r v i v a l )   l i f e   f o r  a 19 
mm bore and a 20 mm bo re  bea r ing .  To o b t a i n  a s t a n d a r d  b o r e  s i z e  as w e l l  as 
p rov ide  some m a r g i n  o n  t h e  s h a f t  s i z e ,  20 mm w a s  s e l e c t e d .  A s  can  be  seen 
i n  F i g .  4 2 ,  no s u b s t a n t i a l  b e n e f i t  i n  l i f e  would have been achieved by using 
a 19 mm bo re   bea r ing .  The 1 0 , 4 7 6   r a d / s  (100,000 rpm) s p e e d   u s e d   i n   t h e  
Mark 48-F b e a r i n g  a n a l y s i s  was la te r  r e d u c e d  t o  9947 rad/s  (95,000 rpm),  but  
this   change  would  not  a l t e r  t h e   r e s u l t s   s i g n i f i c a n t l y .   F i g u r e  4 3  p r e s e n t s  
t h e  s e l e c t e d  d e s i g n ' s  f a t i g u e  l i f e  (shown h e r e  as B 1 0  o r  90% s u r v i v a l  l i f e )  
as a f u n c t i o n  of a x i a l  l o a d  a t  t h e  Mark 48-F speed of 9947 rad/s  (95,000 rpm).  
The p r e l o a d  c r i t e r i o n  r e s u l t e d  i n  a r e q u i r e d  ax ia l  load  of  431  N (97 pounds) 
a t  t h i s  c o n d i t i o n .  
2 
F i g u r e 4 4  p r e s e n t s  t h e  a n a l y t i c a l  v a l u e s  o f  r a d i a l  s t i f f n e s s  ( u s e d  i n  s h a f t  
dynamic   ana lys i s )  as a f u n c t i o n   o f  ax ia l  l o a d   a n d   s p e e d .   R a d i a l   s t i f f n e s s  
a f f e c t s  s h a f t  dynamic  response  and is a f f e c t e d  b y  a x i a l  l o a d ;  t h e r e f o r e ,  
p r o p e r  d e s i g n  a n d  d e f l e c t i o n  c o n t r o l  o f  t h e  p r e l o a d  s p r i n g s  are impor t an t .  
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Figure  4 4 .  Mark 48-F Bear ing  St i f fness  Versus  Axial Load 
Figure  45 p r e s e n t s  t h e  e f f e c t  o f  s p e e d  o n  t h e  re la t ive axial  d e f l e c t i o n s  f o r  
g iven  axial  loads .  This r e l a t i o n s h i p  w a s  u s e d  i n  s p e c i f y i n g  t h e  t h i c k n e s s  
o f  t h e  i n n e r  race s p a c e r s  so  t h a t  b o t h  t h e  f o l l o w i n g  w i l l  be  achieved:  
1. Adequate   preload a t  speed 
2 .  Compensation f o r  t h e  i n c r e a s e d  l o a d i n g  b y  s p e e d  e f f e c t s ,  t h e r e f o r e  
a v o i d i n g  u n n e c e s s a r y  i n c r e a s e  i n  axial  l o a d  w i t h  a t t e n d a n t  r e d u c t i o n  
i n  l i f e .  
The turbopump configurat ion is s u c h  t h a t  i t  w i l l  accommodate n o t  o n l y  the extra- 
l i g h t  20 nnn b e a r i n g s  s e l e c t e d  b y  R o c k e t d y n e ,  b u t  a l s o  the h e a v i e r  b a l l  b e a r i n g s  
and  the  hybr id  bear ing  se lec ted  by  Mechanica l  Technology,  Inc . ,  i n  a p a r a l l e l  
bear ing   technology  program  sponsored   by  L e w i s  Research  Center.  The i n s t a l l a t i o n  
o f  t h e  t h r e e  b e a r i n g  c o n f i g u r a t i o n s  is i l l u s t r a t e d  i n  F i g .  46 through 4 8 .  
Seal  Design 
I n g r e s s  o f  t u r b i n e  p r o p e l l a n t  g a s  i n t o  t h e  pump r e g i o n  is prevented by a con- 
t r o l l e d - g a p ,   s h a f t - r i d i n g  seal. Although  the pump a n d   t u r b i n e   f l u i d s  are 
c h e m i c a l l y  c o m p a t i b l e ,  t h e  t u r b i n e  f l u i d  c o n t a i n s  steam, which would freeze 
when i n  c o n t a c t  w i t h  LH2; t h e r e f o r e ,  i t  mus t  be  kep t  ou t  o f  t he  pump where 
i t  could have a d e t r i m e n t a l  e f f e c t ,  p a r t i c u l a r l y  o n  t h e  b e a r i n g s .  
S i n c e  t h e  p r e s s u r e  o n  t h e  pump s i d e  o f  t h e  seal  i s  lower  than  on  the  tu rb ine  
s i d e ,  t h e  m i d d l e  o f  t h e  seal is  p r e s s u r i z e d  w i t h  LH2 suppl ied  f rom the  pump 
d i s c h a r g e  as shown i n  F i g .  4 9 .  I n  t h i s  manner, a p o s i t i v e   f l o w   o f  LH2 toward 
t h e  t u r b i n e  is e n s u r e d ,  a n d  e n t r y  o f  h o t  g a s  i n t o  t h e  pump i s  prevented .  
The LH2 t h a t  leaks t h r o u g h  t h e  s h a f t  sea l  toward  the  pump i s  u s e d  t o  l u b r i c a t e  
t h e  b e a r i n g s ,  a n d  t h e  f l u i d  t h a t  l e a k s  t o  t h e  t u r b i n e  i s  used t o  c o o l  t h e  
t u r b i n e  d i s k s .  
The f e e d  p a s s a g e s  t o  t h e  seal  are  o r i f i c e d  t o  m a i n t a i n  a p r e s s u r e  level  of 
2189  N/cm2 (3175  psia)  compared  with  1380 N / c m 2  ( 2 0 0 0  p s i a )  i n  t h e  b e a r i n g  
area and 1 9 8 8  N / c m 2  (2584  p s i a )   o n   t h e   t u r b i n e   s i d e .  The sum o f   t he   l eakage  
and  coo lan t  bypass  f lowra te  toward  the  pump w a s  c a l c u l a t e d  a t  0.065 kg/s 
(0 .144  l b / s e c ) .  The l eakage   t oward   t he   t u rb ine  w a s  p r o j e c t e d  t o  b e  0 .026  
k g / s   ( 0 . 0 5 8   l b / s e c ) .  
- S h a f t  Seal Detail  Design. The d e t a i l  f e a t u r e s  o f  t h e  s h a f t  seal  are i l l u s t r a t e d  
i n  F i g .  50. B o t h   s e a l i n g   e l e m e n t s   u t i l i z e  a f l o a t i n g - r i n g ,   c o n t r o l l e d - g a p  
seal  r i n g .  The f l o a t i n g - r i n g  e l e m e n t  c o n s i s t s  o f  an i n n e r  Am-Cer-Met r i n g  f o r  
s t r e n g t h   a n d   t h e r m a l   e x p a n s i o n / c o n t r a c t i o n   c o n t r o l .  The o u t e r  r i n g  material 
i s  s e l e c t e d  t o  p r o v i d e  t h e  same thermal  expans ion  and  cont rac t ion  rate as t h e  
s h a f t  material, s o  t h a t  a cons t an t  c l ea rance  gap  is  main ta ined  as the tempera-  
t u r e   c h a n g e s .  The o u t e r  r i n g  i s  s u f f i c i e n t l y  s t r o n g ,  re la t ive t o  t h e  i n n e r  
r i n g ,   t o   c o n t r o l   t h e   d i a m e t e r   o f   t h e   c o m p o s i t e   r i n g .  The i n n e r   r i n g  i s  
ma in ta ined  in  compress ive  hoop  stress w i t h  a n  i n t e r f e r e n c e  f i t .  
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The load  induced  by  unba lanced  r ad ia l  p re s su re  (F ig .  51) i s  suppor t ed  by  the  
compos i t e  r ing  in  compress ive  hoop  stress. The r a d i a l  d e f l e c t i o n  c a u s e d  by 
the  compressive stress i s  p r o p o r t i o n a l  t o  r i n g  r i g i d i t y .  The r a d i a l  s e c t i o n  
and  modulus of e l a s t i c i t y  are s e l e c t e d  t o  m i n i m i z e  t h e  d e f l e c t i o n .  The i n i t i a l  
c l e a r a n c e  is  a d j u s t e d  t o  a l l o w  f o r  t h e  d e f l e c t i o n  a n d  p r o v i d e  t h e  d e s i r e d  
o p e r a t i n g  c l e a r a n c e .  
The axial  f o r c e  i n d u c e d  b y  d i f f e r e n t i a l  p r e s s u r e  ( F i g .  51) l o a d s  t h e  f l o a t i n g  
r i n g  a g a i n s t  t h e  s t a t i o n a r y  h o u s i n g  t o  p r o v i d e  a s t a t i c  seal. A wave s p r i n g  
is  p r o v i d e d  t o  e n s u r e  s u f f i c i e n t  c o n t a c t  l o a d  t o  m a i n t a i n  a s t a t i c  seal. The 
seal r i n g  is  p a r t i a l l y  p r e s s u r e  b a l a n c e d  by r e l i e v i n g  t h e  a x i a l  c o n t a c t  s u r -  
face  and  minimiz ing  the  hous ing- to-shaf t  c learance  to  reduce  the  unbalanced  
ax ia l -p re s su re - induced   l oad .  The f l o a t i n g - r i n g   e l e m e n t  i s  r e s t r a i n e d   f r o m  
r o t a t i o n  w i t h  two a n t i r o t a t i o n  t a n g s  t h a t  e n g a g e  s l o t s  i n  t h e  h o u s i n g .  
The seal  r ing  c l ea rance  gap  was e s t a b l i s h e d  by f i r s t  p e r f o r m i n g  a the rma l  
a n a l y s i s  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  g r a d i e n t  i n  t h e  t u r b o p u m p  s h a f t  seal 
area. 
A f i n i t e - e l e m e n t  stress a n a l y s i s  w a s  p e r f o r m e d  u s i n g  t h e  t e m p e r a t u r e  d i s t r i -  
b u t i o n  a n d  c e n t r i f u g a l  l o a d i n g  t o  e s t a b l i s h  t h e  s h a f t  o p e r a t i n g  d i a m e t e r s .  
The seal r i n g  d e s i g n  w a s  e s t a b l i s h e d  t o  m a i n t a i n  t h e  r e q u i r e d  o p e r a t i n g  clear- 
ance  gap. The I n c o n e l  X-750 r e t a i n i n g  b a n d  material has   app rox ima te ly   t he  
same the rma l  con t r ac t ion  and  expans ion  rate as t h e  I n c o n e l  718 s h a f t  material 
to  minimize the gap change due to  temperature .  
The seal r i n g  d e s i g n  was o p t i m i z e d  b y  u t i l i z i n g  a computer program i n  which 
t h e  t e m p e r a t u r e ,  p r e s s u r e ,  materials, and o v e r a l l  d i m e n s i o n a l  d a t a  are i n p u t .  
The compute r  ca l cu la t e s  t he  seal r i n g  stresses a n d  d e f l e c t i o n s  f o r  v a r y i n g  
r a d i a l  s e c t i o n s  of t h e  r e t a i n i n g  b a n d  a n d  i n s e r t .  The seal  r ing   d imens ions  
were t h e n  s e l e c t e d ,  c o n s i s t e n t  w i t h  t h e  p r o p e r  stress l e v e l s ,  t o  p r o v i d e  t h e  
minimum change i n  c l e a r a n c e  g a p .  The s t a t i c  a m b i e n t  seal r i n g  c l e a r a n c e  
gaps were e s t a b l i s h e d ,  c o n s i s t e n t  w i t  t h e  c l e a r a n c e  d i f f e r e n t i a l s ,  t o  p r o v i d e  
t h e   r e q u i r e d   o p e r a t i n g   c l e a r a n c e   g a p s .  The r e su l t i ng   ambien t   and   ope ra t iona l  
c l e a r a n c e s  a re  l i s t e d   i n   T a b l e  9 . 
TABLE 9 .  MARK 48-F SIlAFT SEAL CLEARANCES 
Pump-Side R i n g  T u r b i n e - S i d e  R i n g  
S I  E n g l i s h  SI  E n g l i s h  
U n i t s ,  
i n c h  mm inch mm 
U n i t s ,  U n i t s ,  U n i t s ,  
Nominal A m b i e n t  Diametral 
D i amet  ra 1 C 1 ea   rance 
0.0018 0.046 0.0018 0.046 Nominal Opera t iona l  
C 1 e a rance  
0.0029 0.074 0.0031 0.079 
7 8  
PRESSURE 
LOAD 
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" 
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F i g u r e  51.  Pressure   Forces   on  a F loa t ing-Ring   Sea l  
S t a t i c   F l a n g e   S e a l s .  A l l  s t a t i c  f l a n g e  seals are o f   t h e   p r e s s u r e - s e n s i t i v e ,  
m e t a l - s p r i n g  t y p e  i l l u s t r a t e d  i n  F i g .  5 2 .  The seals  are  des igned   and   fabr i -  
c a t e d  f o r  e a c h  s p e c i f i c  a p p l i c a t i o n  by the Hydrodyne Divis ion of  DonaLdson 
Co. ,   Inc.  The b a s e  material  was I n c o n e l  X-750, w i t h  a 0.0076 mm (0.003 inch )  
s i l v e r  p l a t i n g  a p p l i e d  t o  i m p r o v e  s e a l i n g  e f f e c t i v e n e s s ,  
I m p e l l e r  Wear R i n g s .   I n t e r n a l   r e c i r c u l a t i o n   o f  LH2 a r o u n d   t h e   i m p e l l e r   f r o n t  
and rear sh rouds  is c o n t r o l l e d  b y  s t e p - l a b y r i n t h  wear r i n g s  as i n d i c a t e d  i n  
F i g .  5 3 .  The n o m i n a l   d i a m e t r a l   c l e a r a n c e   b e t w e e n   t h e   r o t a t i n g  number  and 
s t a t i o n a r y   p l a t f o r m  i s  set  a t  0.20 mm (0.008 i n c h ) .   W i t h   t h i s   c l e a r a n c e ,  some 
rubb ing   con tac t  i s  e x p e c t e d   b e c a u s e   o f   e x c e n t r i c i t i e s   a n d   d e f l e c t i o n s .  To 
m o d e r a t e  t h e  e f f e c t  of rubbing,  a 0.25 mm (0.010 i n c h )  t h i c k  l a y e r  o f  s i l v e r  
p l a t i n g  i s  a p p l i e d  t o  t h e  s t a t i o n a r y  p l a t f o r m s .  
Rotordynamics 
Cr i t i ca l  s p e e d s  o f  t h e  r o t o r  were c a l c u l a t e d  by the lumped parameter  method 
i n  wh ich  the  ro to r  i s  t r a n s f o r m e d  i n t o  a series o f  mass p o i n t s  whose spacing 
approximates   the  mass d i s t r i b u t i o n  of t h e  a c t u a l  r o t o r .  The r e s u l t i n g  c r i t i c a l  
speeds are p r e s e n t e d  as a f u n c t i o n  of t u r b i n e  e n d  b e a r i n g  s p r i n g  rates i n  
F i g .  54 .  The e f f e c t  o f  the pump e n d   b e a r i n g   s p r i n g  ra te  is i n d i c a t e d  i n  a 
paramet r ic   form.  The p r e d i c t e d  r a d i a l  s p r i n g  ra te  of t h e   b e a r i n g s  is 49,000 
N / m m  (280,000 l b / i n . ) .  A t  t h i s  s p r i n g  r a t e ,  t h e  f i r s t  c r i t i c a l  is  l o c a t e d  a t  
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Figure  5 2 .  T y p i c a l   S t a t i c   F l a n g e  Seal Conf igu ra t ion  
SIDE 
S T A T :  ONARY HOUS I NG , 
80 
2~""- 
I I 
1 . 5  
! / / / / /  LLW 
9.0-i A f T 'I I I 
a* 9) 6.0i 
4 j Curve K, & K2 Spring Rate 
N/mm lb/in -
rd 
.rl 
w 
*d I 
3.04 - 17,500 
, --- 35,000 1x105 
b 
2x10, 
I I --- 87,500 5X1OJ 
I 
I 0 Design Point 
2 . 0 1  
I 
+ 1 
I 
1 .5  i 
10 4 "--J"- - 
I 
1 o3 15 2 3 4 5 6 7 8 9 1 0 4   1 . 5  2 3 4 5 6 7 8 9 1 0 '  
Bearing Spring Rate KAand K4 (N/mm) Per Bearing 
L." .. . .. "_-. ... . ."_." - .,. L-..A"- 1 
6 7 8 9 lo4# 2 3 4 5 6 7 8 9 1 0 '  2 3 ; ;.x. IO5 
Bearing Spring Rate Kg and K4 (lb/in) Per Bearing 
Figure 5 4 .  Mark 48-F Turbopump Rotor Crit ical  Speeds 
111lIl I1 ll l11 l1 l1 l1 l  
3141 rad /s  (30 ,000  rpm) ,  the  second a t  5549 r a d / s  ( 5 3 , 0 0 O , r p m ) ,  a n d  t h e  t h i r d  
c r i t i c a l  a t14 ,550  rad /s  (139 ,000  rpm) .  The nominal  speed of  the pump a t  95,000 
rpm w i l l  be  loca t ed  be tween  the  second  and  th i rd  c r i t i c a l  with ample margin 
on  each  s ide .  The r o t o r  mode shapes  a t  t h e  t h r e e  c r i t i c a l  speeds  are shown 
i n  F i g .  5 5 .  
The pump e n d  o f  t h e  r o t o r  i s  formed by the impel ler  hubs which are p i l o t e d  
relative t o  e a c h  o t h e r  by i n t e r f e r e n c e  f i t s .  The c r i t i c a l  s p e e d  c a l c u l a t i o n s  
are b a s e d  o n  b e i n g  a b l e  t o  m a i n t a i n  t i g h t  a x i a l  i n t e r f a c e s  a t  t h e  i m p e l l e r  
hubs.  To a c c o m p l i s h  t h i s ,  t h e  i m p e l l e r s  are p r e l o a d e d  a x i a l l y  w i t h  a c e n t e r  
t i e  b o l t .  The  minimum t e n s i o n  i n  t h e  t i e  b o l t  w a s  e s t a b l i s h e d  a t  50,000 N 
(11,230 pounds) ,  which includes a 50% m a r g i n  o v e r  t h e  a n t i c i p a t e d  s e p a r a t i n g  
load  of  33,310 N (7489  pounds)  (Fig.   39)  between  the  impellers.  The minimum 
p r e l o a d  o n  t h e  i m p e l l e r s  e x i s t s  a f t e r  a c c o u n t i n g  f o r  d i f f e r e n t i a l  c o n t r a c t i o n  
rates as w e l l  as a x i a l  s h r i n k a g e  due t o  P o i s s o n ’ s  e f f e c t .  
8 2  
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Figure 55. Mark 48-F Turbopump Rotor Mode Shapes 
MATERIAL  SELECTION 
The materials s e l e c t e d  f o r  the more  s igni f icant  components  o f  t h e  Mark 48-F t u r -  
bopump are i n d i c a t e d  i n  F ig .  56. I n  Tab le  10 , s p e c i f i c a t i o n s   a n d   p r o p e r t i e s  
f o r  these materials are summarized. 
The p r i n c i p a l  c r i t e r i a  f o r   c h o o s i n g   t h e  materials i n  t h e  pump were: s t r e n g t h  
and d u c t i l i t y  a t  LH2 t empera tu re ,  resistance t o  c o r r o s i o n ,  thermal c o n t r a c t i o n  
c o e f f i c i e n t ,  a n d  ease o f  f a b r i c a t i o n .  
The i n l e t  h o u s i n g ,  t h e  f i r s t -  a n d  s e c o n d - s t a g e  c r o s s o v e r s ,  a n d  the pump s e c t i o n  
of t he   hous ing  were made of Inoncel   718.   Inconel   718 is  a n i c k e l - b a s e  p r e c i p i -  
t a t i o n  h a r d e n a b l e  a l l o y  w h i c h  h a s  b o t h  e x c e i l e n t  s t r e n g t h  a n d  d u c t i l i t y  a t  LH2 
t empera tu res .  A l l  of t h e s e  p a r t s  n e e d e d  a h i g h - s t r e n g t h  material t o  c a r r y  t h e  
l o a d s  w i t h  t h e  r e q u i r e d  s a f e t y  m a r g i n ;  a l s o ,  i t  w a s  d e s i r a b l e  t o  m a i n t a i n  common 
t h e r m a l   c o e f f i c i e n t s   t o   c o n t r o l  c r i t i c a l  r a d i a l  and ax ia l  c l e a r a n c e s .   S i l v e r  
p l a t i n g  w a s  a p p l i e d  t o  t h e  i n l e t  h o u s i n g  a n d  c r o s s o v e r  l a b y r i n t h  p l a t f o r m s  t o  
p e r m i t  l i g h t  c o n t a c t  w i t h  t h e  r o t a t i n g  p a r t s  i n  t h e s e  areas wi th  a minimum of 
l o c a l   h e a t i n g   a n d  damage t o   t h e   m a t i n g   p a r t s .   F o r   t h e  same r e a s o n ,   t h e   s t a t i o n -  
a r y  l a n d  o f  t h e  b a l a n c e  p i s t o n  h i g h - p r e s s u r e  o r i f i c e  w a s  a l s o  s i l v e r  p l a t e d .  
High stresses i n d u c e d  i n  t h e  i m p e l l e r  h u b s  as  a r e s u l t  of c e n t r i f u g a l  f o r c e s  
d i c t a t e d  t h a t  a material w i t h  h i g h  s t r e n g t h - t o - d e n s i t y  r a t i o  b e  u s e d .  A t i t a n -  
ium a l loy  con ta in ing  5% a luminum and  2 .5% t in  wi th  extra  low i n t e r s t i t i a l  ele- 
ments was s e l e c t e d .   T h i s   h i g h - p u r i t y   a l l o y  w a s  deve loped   for   t empera tures   rang-  
ing   f rom 200 I; (-100 F) t o  20 K (-423 F ) .  To a c h i e v e   a c c e p t a b l e   d u c t i i i t y   a n d  
toughness  a t  20 K (-423 F ) ,  t h e  c o n t e n t  o f  t h e  i m p u r i t y  i n t e r s t i t i a l  e l e m e n t s  
( 0 2 ,  N 2 ,  H2) and t h e  s u b s t i t u t i o n a l  e l e m e n t  Fe are he ld  to  lower  than  no rma l  
levels  by  the  producing m i l l .  Hence ,   t he   des igna t ion  "Extra Low I n t e r s t i t i a l "  
(ELI) i s  a p p l i e d  t o  t h i s  ' a l l o y .  
The h igh  ope ra t ing  p res su re  and  t empera tu res  d i c t a t ed  the  use  o f  Rene '  4 1  f o r  
t h e  m a i n  s t r u c t u r a l  walls of t he   t u rb ine   man i fo ld .   Rene '   41  i s  a double-vacuum- 
me l t ed ,  precipitation-hardenable, n icke l -base   a l loy .   A l though   d i f f i cu l t   o   f ab -  
r i ca t e  because  o f  s t r a in -age  c rack ing  in  w e l d  h e a t - a f f e c t e d  z o n e s ,  i t  has  super-  
i o r  s t r e n g t h  i n  t h e  o p e r a t i n g  t e m p e r a t u r e  z o n e  o f  t h e  Mark 48-F tu rb ine  man i fo ld .  
High thermal ly   induced  stresses, p a r t i c . u l a r l y  d u r i n g  e n g i n e  c u t o f f ,  n e c e s s i t a t e d  
the  use  of  a l i n e r  i n s i d e  t h e  t u r b i n e  m a n i f o l d  walls to  reduce  tempera ture  grad-  
i e n t s .  The l i n e r   d o e s   n o t   c a r r y   s t r u c t u r a l   l o a d s   ( i t  i s  p e r f o r a t e d ) .   I n c o n e l  
903, a' i r o n - n i c k e l - c o b a l t  b a s e  a l l o y  w i t h  low c o e f f i c i e n t  of  expansion, w a s  
c h o s e n  f o r  t h e  l i n e r  material .  It has   an   expans ion  ra te  of  0.0087 mm/mm t o  
1033 K (1400 F)  compared  with  0.012 mm/mm with  most  o ther  h igh- tempera ture  metals 
f o r   t h e  same tempera ture   range .  I t  i s  a n t i c i p a t e d   t h a t   t h e r m a l l y   o r i e n t e d  prob- 
lems w i t h  t h e  l i n e r  w i l l  be  minimized  by  v i r tue  of  the  lower  expans ion  proper t ies .  
The p r o c e s s i n g  o f  t h e  h o u s i n g  ( d e s c r i b e d  i n  d e t a i l  u n d e r  " F a b r i c a t i o n " )  c a l l s  
f o r  h e a t  t r e a t i n g  t h e  I n c o n e l  7 1 8  pump v o l u t e  s e c t i o n  and t h e  p r i n c i p a l l y  
R e n e l  4 1  t u r b i n e  m a n i f o l d  t o  t h e i r  r e s p e c t i v e  material  spec i f i ca t ions ,   and   sub -  
s e q u e n t l y   j o i n i n g   t h e s e  two subcomponents  by  welding. To a c c o m p l i s h   t h i s   w i t h o u t  
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a n n e a l i n g  t h e  material on e i t h e r  s i d e  o f  t h e  f i n a l  w e l d ,  a t r a n s i t i o n  p i e c e  
made of  Haynes 188 was.welded t o  b o t h . s e c t i o n s  p r i o r  t o  h e a t  t r e a t i n g .  The 
f i n a l  weld w a s  then effected by joining Haynes 188-to-Hanyes 188, w i t h  is  n o t  
a f f e c t e d  b y  e i t h e r  t h e  h e a t  t r e a t i n g  o r  w e l d i n g  o p e r a t i o n s .  
P o r t i o n s  of t h e  t u r b i n e  m a n i f o l d  t h a t  are s u b j e c t e d  t o  h i g h - p r e s s u r e  H2 and 
which  exper ience  a h i g h  s t r a i n  level  were p r o t e c t e d  a g a i n s t  h y d r o g e n  e m b r i t t l e -  
ment  by  applying 0.076- t o  0.25-mm  (O..OC3- t o  0 .010-inch)  thick dense copper  
p l a t i n g   t o   t h e   i n t e r i o r   s u r f a c e s .   T h r e a d e d  areas were g o l d   p l a t e d .  A t h i c k e r  
(0.25 t o  0 . 3 8  mm; 0.010 t o  0 . 0 1 5  i n c h )  c o p p e r  p l a t i n g  l a y e r  w a s  a p p l i e d  t o  t h e  
hous ing ,  tu rb ine  wheel  cover ,  and  second-s tage  nozz le  to  serve as a t u r b i n e  t i p  
seal rubb ing   su r f  ace. 
The tu rb ine  whee l  i s  s u b j e c t  t o  v e r y , h i g h  e f f e c t i v e  stresses f r o m  c e n t r i f u g a l ,  
power-bending,  and  thermal  components. To accommodate t h e s e  stress l eve l s  a t  
t h e  e l e v a t e d  t e m p e r a t u r e s ,  A s t r o l o y  w a s  s e l e c t e d  as the  wheel  material. As t ro loy  
i s  an  age -ha rdenab le ,  n i cke l -base  a l loy  wh ich ,  i n  add i t ion  to  p rov id ing  exce l -  
l e n t  h i g h - t e m p e r a t u r e  p r o p e r t i e s ,  r e t a i n s  a d e q u a t e  d u c t i l i t y  i n  t h e  c r y o g e n i c  
tempera ture  range .  
The tu rb ine  whee l  cove r  w a s  made f rom Incoloy  903  to  take  advantage  of  i t s  low 
thermal  expans ion  coef f ic ien t  and  thereby  minimize  the  change  in  second-s tage  
seal  c l e a r a n c e .  
-____ Thermal   Analysis  
Heat t r a n s f e r  a n a l y s i s  was c o n d u c t e d  t o  d e t e r m i n e  t h e  t h e r m a l  p r o f i l e  of cr i t i -  
ca l  pump and  turb ine  components  dur ing  t rans ien t  and  s teady-s ta te  condi t ions .  
The ch i l ldown r a t e  o f  t he  impe l l e r ,  s t a r t i n g  w i t h  a n  a m b i e n t  e n g i n e ,  was e s t a b -  
l i s h e d .   T h i s  w a s  of  concern  not  only  from  hydrodynamic  but  from a s t r u c t u r a l  
c o n s i d e r a t i o n ,  b e c a u s e  t i t a n i u m  s t r e n g t h  i s  g rea t ly  a f f ec t ed  by  t empera tu re  
(F ig .   57 ) .  The a n a l y s i s   i n d i c a t e d   ( F i g .   5 8 )   t h a t ,   w i t h   t h e   p r e d i c t e d  powered 
idle-mode  f lowrate of 222  of f u l l - t h r u s t  f l o w ,  t h e  i m p e l l e r  reached 39 K (-390 F) 
i n  20 seconds .   This  was a n   a c c e p t a b l e  time i n t e r v a l  f o r  c h i l l d o w n  f o r  t h e  e n g i n e ;  
t h e r e f o r e ,  t h e  stress ana lys i s   r e su l t s ,   wh ich   a r e   based   on  39 K (-390  F)  proper- 
t i e s ,  were cons ide red   p rope r .  
T h e r m a l  a n a l y s i s  o f  t h e  t u r b i n e  i n c l u d e d  s f a r t  a n d  c u t o f f  t r a n s i e n t s  as w e l l  a s  
s t eady- s t a t e   cond i t ions .   One-d imens iona l   ana lys i s  was  used f o r   t r a n s i e n t s ,  and 
two-d imens iona l   ana lys i s   fo r   s t eady- s t a t e   cond i t ions .  The r e s u l t s   i n d i c a t e d  
tha t ,   because   o f   the   id le -mode   opera t ion   which   precedes   engine  s tar ts ,  t h e  s ta r t  
t r a n s i e n t s  d i d  n o t  h a v e  a n  a p p r e c i a b l e  e f f e c t  on  tu rb ine  l i f e .  
I n  c o n t r a s t ,  t h e  s h u t o f f  t r a n s i e n t s  i n t r o d u c e d  a s i g n i f i c a n t  t h e r m a l  s h o c k  d u e  
t o  a hydrogen lag,  which produced a h igh  thermal  grad ien t  and  cor respondingly  
h i g h  s t r a i n  i n  t h e  p r e s s u r e  wal ls .  To i n c r e a s e   t h e   l o w - c y c l e   f a t i g u e   l i f e ,  
a t h i n  l i n e r  w a s  i n c o r p o r a t e d  i n s i d e  t h e  m a n i f o l d  t o  s h i e l d  t h e  p r e s s u r e  walls.  
Its e f f e c t  was t o   i n c r e a s e   t h e r m a l   r e s i s t a n c e .  With t h e  l i n e r ,  t h e  wal l  d i f f e r -  
e n t i a l  t e m p e r a t u r e  was  reduced t o  518 K (600 F ) ,  as shown i n  F i g .  59. Fu r the r -  
more,  the maximum t h e r m a l  s t r a i n  w a s  d e l a y e d  u n t i l  2 s e c o n d s  a f t e r  c u t o f f  when 
t h e  s t r a i n s  f r o m  p r e s s u r e  l o a d s  are  low. 
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The s t e a d y - s t a t e  i s o t h e r m  map c a l c u l a t e d  f o r  t h e  t u r b i n e  f i r s t - s t a g e  d i s k  is  
p r e s e n t e d  i n  F i g .  60. The d i s k  t h e r m a l  p r o f i l e  is based   on   u s ing   t he   sha f t  
seal f l o w  f o r  d i s k  c o o l i n g .  The c o o l a n t  is rou ted   t h rough   t he  first- and  second- 
s t a g e  d i s k  h u b s  t h r o u g h  s m a l l  b l e e d e r  h o l e s .  A cover  is  incorporated downstream 
of the  second-s t age  whee l  t o  p rov ide  a the rma l  b l anke t .  
The t empera tu re  of t h e  t u r b i n e  b l a d e s  d u r i n g  s t e a d y - s t a t e  c o n d i t i o n s  i s  e q u a l  
t o   t he   gas   t empera tu re .   Id l e -mode   ope ra t ion   min imizes  the s e v e r i t y   o f  start 
t r a n s i e n t s .  In c o n t r a s t ,   t h e   h y d r o g e n   l a g   d u r i n g   c u t o f f   p r o d u c e s  a s u b s t a n t i a l  
t he rma l  g rad ien t  (F ig .  61),  which  .must  be  considered i n  t h e  stress a n a l y s i s  and 
p r o j e c t e d  l i f e  o f  t he  b l ade .  
S t r e s s  A n a l y s i s  
In l e t   Hous ing .  A p l a t e  a n a l y s i s  of t h e  i n l e t  . h o u s i n g  w a s  performed  accounting 
f o r  p r e s s u r e  l o a d s  a n d  f u l l  a x i a l  l o a d s  f r o m  t h e  c r o s s o v e r s  (222,000 N ,  50,000 
pounds).  The maximum c a l c u l a t e d  stress w a s  515 x l o6  N / m 2  ( 7 4 , 6 0 0  p s i ) .   T h i s  
stress l e v e l ,  i n  c o n j u n c t i o n  w i t h  t h e  minimum u l t i m a t e  s t r e n g t h  o f  I n c o n e l  718  
of  125 N/m2 (180 k s i )  , r e s u l t e d  i n  a c o n s e r v a t i v e  f a c t o r  of s a f e t y  of 2 . 4 .  The 
stress l e v e l s  i n  t h e  t o r u s  d u e  t o  p r e s s u r e  were n e g l i g i b l e ;  t h e r e f o r e ,  t h e  t o r u s  
w a l l  t h i c k n e s s  w a s  e s t a b l i s h e d  by f a b r i c a t i o n  c r i t e r i a .  
Pump Housing. A summary of t h e   s t r u c t u r a l   a n a l y s i s   p e r f o r m e d  on t h e  pump hous- 
i n g  i s  p r e s e n t e d   i n   T a b l e  11. A f i n i t e - e l e m e n t   a n a l y s i s  was  performed  of  the 
c r i t i c a l  zones.  The i n i t i a l  s i z i n g  of the  hardware was done  using cast  Incone l  
718 m a t e r i a l   p r o p e r t i e s .   S u b s e q u e n t l y ,   t h e   d e s i g n  w a s  f i n a l i z e d   u s i n g  a wrought,  
w e l d e d  s t r u c t u r e ,  b u t  t h e  w a l l  t h i c k n e s s e s  were r e t a i n e d  a t  t h e i r  o r i g i n a l  v a l u e s .  
A s  a c o n s e q u e n c e ,  t h e  s a f e t y  f a c t o r s  w i t h  t h e  h i g h e r - s t r e n g t h  material inc reased  
t o   t h e   c o n s e r v a t i v e   v a l u e s   n o t e d   i n   T a b l e  11. T h e  f in i te -e lement   model   o f   the  
pump hous ing ,  and  cons t an t - s t r a in  and  cons t an t - s t r e s s  map are i l l u s t r a t e d  i n  
F ig .  62 through 6 4 .  
TABLE 11. MARE: 48-F PUMP H O U S I N G  STRESS ANALYSIS 
”- 1 
Calcu la t ed  S t ress  
S t ress  Factor  of  
I d e n t i f i c a t i o n  S a f e t y  k s i  N/cm 
” ” 
Maximum Combined Stress 
I n  Discharge,from Pressure 
3 .4  53 36,500 
4.3 25  17,200 I n  Weld 
6.4 28 19,300 
Comments: ( 1 )  Mater ia l :  Inconel 718 
I I 
(2 )   Ax ia l   de f l ec t ion   o f   ba l ance  p i s t o n  high-  
pressure o r i f i c e  r e l a t ive  to  r e a r  b e a r i n g  
s h o u l d e r  = 0.0043 cm (0.0017 i n c h )  
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Figure 6 4 .  Mark 48-F Pump Housing  Constant-Stress Map 
The d e f l e c t i o n  of t h e  b a l a n c e  p i s t o n  h i g h - p r e s s u r e  o r i f i c e  relative t o  the rear 
bea r ing  shou lde r  i s  of in te res t  inasmuch as t h i s  a f f e c t s  t h e  t o t a l  b a l a n c e  p i s t o n  
gap   and   the   bear ing  ax ia l  p r e l o a d s   d u r i n g   o p e r a t i o n .  A s  n o t e d   i n   T a b l e  11, t h i s  
d e f l e c t i o n  w a s  c a l c u l a t e d  a t  0.0043 cm (0.0017  inch) .  The magnitude  of   the  de-  
f l e c t i o n  is a c c e p t a b l e  s i n c e  a p p r o p r i a t e  c o m p e n s a t i o n  c a n  b e  i n c l u d e d  i n  t h e  
turbopump assembly t o  o b t a i n  t h e  d e s i r e d  o p e r a t i n g  g a p  a n d  p r e l o a d .  
C r o s s o v e r s .   S t r e s s   a n a l y s i s  of the   pump.crossovers  w a s  performed  using  forged 
I n c o n e l   7 1 8   p r o p e r t i e s .   T h e   r e s u l t s  of t h e  a n a l y s i s  w e r e  as fo l lows:  
1. C r o s s o v e r s   a n a l y z e d   f o r   o t a t i o n  
0 8 = 0.000343 radian (0.197 degrees)  
0 Ring  bending stresses = 38.6 N/m2 (5600 ps i )  
2. Maximum bending stress on  enclosed  chamber = 400 N / m  (58 ,000   p s i )  2 
0 S a f e t y  f a c t o r  = 3 . 1  
3 .  A x i a l   t r a n s l a t i o n   a n a l y z e d  
0 Assuming a l l  l o a d   i n   c a n t i l e v e r   b e n d i n g  
0 Axial t r a n s l a t i o n  = 0.028 c m  (0.011 inch)  
Bending stress = 533.6 x lo6  N / m 2  (77 ,400  p s i )  
S a f e t y   f a c t o r  = 2.3 
0 P a r t  of t h i s   l o a d   a c t u a l l y   c a r r i e d   b y   i n l e t   h o u s i n g ,   s i z e d   t o  
c a r r y  t o t a l  l o a d  
4 .  C r o s s o v e r   v a n e s   a n a l y z e d   f o r   s e p a r a t i n g   l o a d  
Maximum stress (70 x lo6  N / m 2  (10,000 p s i )  
Thus,  the minimum f a c t o r  o f  s a f e t y  i s  more than  adequate  a t  2 . 3  on u l t i m a t e  
s t r e n g t h .   N e i t h e r   t h e   e x t e n t   o f   a n g u l a r   r o t a t i o n   o r   a x i a l   d i s p l a c e m e n t  are 
e x p e c t e d  t o  p r e s e n t  a n y  d i f f i c u l t y  i n  t h e  f u n c t i o n i n g  o f  t h e  pump. 
Impellers. A f i n i t e - e l e m e n t   a n a l y s i s  w a s  performed of t h e   i m p e l l e r s   u s i n g  
5.OA1-2.5Sn f o r g e d   t i t a n i u m   p r o p e r t i e s .  An ope ra t ing   t empera tu re  of 39 K 
(-390 F)  was  assumed.  The f in i te -e lement   models   and   cons tan t -s t ress  maps of 
each   impe l l e r  are  p resen ted   i n   F ig .   65   t h rough  68. The s a l i e n t   c o n c l u s i o n s  
f r o m  t h e  a n a l y s i s  were: 
1. Second-s tage   impel le r   backpla te   mos t  c r i t i c a l  d u e  t o  b a c k p l a t e  r e t u r n  
h o l e s  
2 .   P red ic t ed   bu r s t   speed  a t  ope ra t ing   t empera tu re  = 13 ,650   r ad / s  
(130,400 rpm) 
3 .   A l lowab le   ope ra t ing   speed  = 11,370 r a d / s  (108,600 rpm) 
4 .  Maximum stress i n c l u d i n g  stress c o n c e n t r a t i o n  = 823 x 106 N / m 2  
(111,000 p s i )  
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" 
5. Average tangential  stress = 474 x lo6  N/m2 (68 ,800   ps i )  
6 .  S a f e t y  f a c t o r  a t  maximum N o f   10 ,941   r ad / s  (104,500 rpm) on 
b u r s t  = 1.55 ( o n  s t r e s s )  
Turb ine  Disk. S i m i l a r l y ,  a f i n i t e - e l e m e n t   a n a l y s i s  w a s  accomplished  on the 
t u r b i n e   d i s k s ,   a c c o u n t i n g   f o r   p o w e r ,   t h e r m a l ,   a n d   c e n t r i f u g a l   e f f e c t s .  The 
f in i te -e lement   model  is  shown i n  Fig.   69.   The c r i t i c a l  f a c t o r  i n  d e s i g n i n g  
t h e  t u r b i n e  d i s k s  w a s  l o w - c y c l e  f a t i g u e  d u e  t o  t h e r m a l  e f f e c t s .  F o r  t h i s  con- 
s i d e r a t i o n ,  the maximum s t ra in  rather than  stress is the c o n t r o l l i n g  c r i t e r i o n .  
C o n s t a n t  s t r a i n  l i n e s  c a l c u l a t e d  f o r  the f i r s t - s t a g e  d i s k  are p r e s e n t e d  i n  
F ig .  70.  The maximum s t r a i n  shown p e r m i t s  a c y c l i c  l i f e  of   over   800   cyc les ,  
wi th  a s a f e t y  f a c t o r  o f  4 ,  w h i c h  e x c e e d s  b y  a subs t an t i a l  marg in  the  300-cyc le  
minimum r e q u i r e m e n t .   T h e   r e s u l t s   o f   t h e   a n a l y s i s  are summarized i n  t h e   f o l l o w i n g :  
1. F i r s t  d i s k  i s  t h e   m o r e   c r i t i c a l l y   s t r e s s e d   o f   t h e   t w o .  
2. Maximum s t r a i n  i n  t h e  f i r s t - s t a g e  d i s k  = 0.0085 c m / c m  
3. P r e d i c t e d   f i r s t - s t a g e   b u r s t   s p e e d  a t  maximum o p e r a t i n g  
t empera tu re  = 13,580  rad/s  (129,700  rpm). 
4. A l lowab le   f i r s t - s t age   speed  a t  maximum o p e r a t i n g  
t empera tu re  = 11,300 rad/s   (108,000  rpm).  
5 .   F i r s t - s t age ,   l ow-cyc le - f a t igue  limit = 800 c y c l e s   w i t h  
s a f e t y  f a c t o r  o f  4. 
T u r b i n e   B l a d e s .   S t r e s s   a n a l y s i s   o f   t h e   t u r b i n e   b l a d e s   d i s c l o s e d   t h a t   b e c a u s e  
o f  t he  h igh  t empera tu res  and  cen t r i fuga l  stresses, the  10 -hour  l i f e  r equ i r emen t  
was d i f f i c u l t  t o  meet w i t h o u t  b l a d e  c o o l i n g .  An e f f ec t ive  coo l ing  sys t em wou ld  
have  increased  the  complexi ty  and  cos t  o f  the  hardware ,  and  would  have  in t ro-  
duced a severe pe r fo rmance  pena l ty ,  pa r t i cu la r ly  cons ide r ing  the  low pump flow- 
ra tes  invo lved .  
The a l t e r n a t i v e s   c o n s i d e r e d   i n   t h e   d e s i g n  are p r e s e n t e d   i n   T a b l e   1 2 .  The v a l u e s  
a p p l y  t o  t h e  f i r s t - s t a g e  b l a d e s  w h i c h  are  t h e  m o s t  c r i t i c a l  b e c a u s e  o f  t h e  h i g h e r  
temperatures   imposed.  The f i r s t   s i x   a l t e r n a t i v e s   l i s t e d   i n   T a b l e   1 2  were n o t  
v i ab le  f rom the  s t andpo in t  o f  p roduc ib i l i t y  o r  c a p a b i l i t y  t o  meet the  speed ,  
l i f e ,   o r   p e r f o r m a n c e   r e q u i r e m e n t s .  A s  a r e s u l t ,  the   nominal   opera t ing   speed  
o f  t h e  r o t o r  was reduced  from  10,470  rad/s (100,000 rpm) t o  9946  rad/s   (95,000 
rpm) ,  and  the  in t eg ra l  b l ade  conf igu ra f ion  wi th  ho l low,  sh rouded  b l ades  was 
a c c e p t e d   f o r   f i n a l   d e s i g n .   I n  cases 7 through 10 ,  t h e   c a p a b i l i t i e s   w i t h   t h e  
accep ted   des ign  as a f u n c t i o n  o f  t e m p e r a t u r e ,  s p e e d ,  a n d  l i f e  are denoted.  Case 
10 d e s c r i b e s   t h e   r e s u l t s   o f   o p e r a t i n g   t h e   t u r b i n e  a t  maximum speed maximum 
t e m p e r a t u r e   s i m u l t a n e o u s l y .   U n d e r   t h i s   c o n d i t i o n ,   t h e   l i f e  of t h e   t u r b i n e   b l a d e  
is l i m i t e d  t o  s l i g h t l y  o v e r  1 hour .  
I f  t h e  t u r b i n e  i s  t o  b e  o p e r a t e d  a t  maximum s p e e d  f o r  10 h o u r s ,  t h e  i n l e t  t e m -  
p e r a t u r e   m u s t   b e   l i m i t e d   t o   1 0 7 0  K (1925 R)  maximum ( c a s e   8 ) .  The   pred ic ted  
l i f e  o f  t h e  f i r s t - s t a g e  t u r b i n e  b l a d e  when o p e r a t i n g  a t  n o m i n a l  i n l e t  tempera-  
t u re   (1111  K ;  2000 R )  and  nominal  speed  (9948  rad/s,   95,000 rpm) i s  400 hours .  
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1480 F 
Remarks 
sistroloy  is  not  Weldable " 
IO 
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30 
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Sol i d  
Ira1  Shrouded 
Sol i d  
Shrouded 
Hol l o w  
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Unshrouded 
Hollow 
Shrouded 
Hollow 
Shrouded 
Hollow 
Shrouded 
Hollow 
Shrouded 
Hollow 
Shrouded 
I n t  Maximum N too low 
Maximum N too low 
Eff iciecrcy  low 
Maximum N tw l o w  
I 
i r k  s t r e s s  
The c a l c u l a t e d  stress levels u s e d  i n  t h e  a b o v e  a n a l y s i s  are: 
= 37,200 N / c m  (54 ,000   ps i )  2 
2 
2 
C e n t r i f u g a l  stress 
Gas bending stress = 4800 N / c m  (6900 p s i )  
Maximum stresses a t  b l a d e  r o o t  = 42,000 N / c m  (60 ,900  ps i )  
The c a l c u l a t e d  stress levels o f  t he  second-s t age  tu rb ine  b l ades  were Similar: 
C e n t r i f u g a l  stress = 38,000 N / c m  (55 ,100   ps i )  
Gas bending stress = 3500 N / c m  (5900  ps i )  
Maximum stresses a t  b l a d e  r o o t  = 41,500 N / c m  (61 ,000  ps i )  
2 
2 
2 
The t e m p e r a t u r e  l e v e l s  p r e s e n t  a t  the  second-s tage  b lade  a re  lower  and ,  as a 
r e s u l t ,  t h e  p r e d i c t e d  l i f e  is s l i g h t l y  h i g h e r .  
Turbine  Manifold.  The tu rb ine   man i fo ld  w a s  ana lyzed ,   u s ing  a f in i t e - e l emen t  
approach ,   account ing   for   p ressure   and   thermal ly   induced   loads .   Because  of t he r -  
mal g r a d i e n t s  a t  e n g i n e  c u t o f f ,  a n  I n c o l o y  9 0 3  l i n e r  w a s  i n c o r p o r a t e d  t o  a t t e n -  
u a t e  t h e  s t r a i n  l e v e l s  i n  t h e  s t r u c t u r a i  w a l l s .  W i t h   t h e   l i n e r ,  a low-cycle 
f a t i g u e  l i f e  of 200 c y c l e s  w a s  ach ieved   wi th  a f a c t o r  of s a f e t y  of 4 . 0 .  The 
f in i t e - e l emen t  mode l  fo r  t he  tu rb ine  man i fo ld  i s  shown i n  F i g .  7 1 ,  and  the 
c o n s t a n t - s t r a i n  map is  inc luded   i n   F ig .   72 .   Tab le  13 p r e s e n t s  a  summary of 
t h e  strain l e v e l s  a n d  p r e d i c t e d  l i f e  f o r  t h e  v a r i o u s  p a r t s  o f  t h e  m a n i f o l d  
TABLE 13. MARK 48-F TURBINE MANIFOLD PREDICTED 
LOW-CYCLE FATIGUE LIFE 
r I I 
S t r a i n  
W i t h  4.0 Sa fe ty  Factor (nondimensional)  Loca t i o n  
Low-Cycle F a t i g u e  L i f e  
~ ". 
Torus* 
200 cycles 0.0093 t n l e t  Transi t ion* 
600 cycles 0.0076 Exhaust   Cyl inder  
850 cycles 0.0068 
I *Wi th  0.16 mm (0.062 inch)  1 iner I 
S p l i t  I m p e l l e r  D e s i g n  
E x p e r i e n c e  i n  f a b r i c a t i n g  t h e  i m p e l l e r  f r o m  a n  i n t e g r a l  f o r g i n g  r e v e a l e d  t h a t ,  
b e c a u s e  o f  l a c k  o f  a c c e s s i b i l i t y ,  i t  was d i f f i c u l t  t o  p r o d u c e  p a r t s  w h i c h  con- 
s i s t e n t l y  m e t  p r i n t  r e q u i r e m e n t s .  A s  a r e s u l t ,  a n  e f f o r t  w a s  i n i t i a t e d  t o  mod- 
i f y  t h e  i m p e l l e r  d e s i g n  t o  i m p r o v e  p r o d u c i b i l i t y .  The  approach  adopted w a s  t o  
f a b r i c a t e  t h e  i m p e l l e r s  i n  two p i e c e s  a n d ,  a f t e r  t h e  i n t e r n a l  h y d r o d y n a m i c  pass-  
ages  are g e n e r a t e d ,  j o i n  t h e  two h a l v e s .  
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Figure 71. Mark 48-F Turbine  Manifold  Finite-Element  Model 
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Figure  72 .  Mark 48-F Turbine  Manifold  Constant-Strain Map 
The des ign  l ayou t  wh ich  de f ined  the in t e r f ace  be tween  the  p re impe l l e r  and  ma in  
i m p e l l e r  is  shown i n  Fig.   73.  In  f o r m u l a t i n g   t h e   c o n f i g u r a t i o n   o f   t h e  inter-  
f a c e ,  t h e r e  were several impor t an t :  cons ide ra t ions ;  t he  mos t  s ign i f i can t  o f  t hese  
are d i s c u s s e d  i n  t h e  f o l l o w i n g :  
The l o c a t i o n  o f  i n t e r f a c e  w a s  e s t a b l i s h e d  b y  the requi rement  of a c c e s s i b i l i t y  
to   bo th   subcomponents   and   to   main ta in   an   adequate  stress d i s t r i b u t i o n .  The 
i n t e r f a c e  is  l o c a t e d  a t  approximate ly  1.58 rad  (90  degrees)   wrap  angle   of   the  
f u l l  2.36 r a d  (135 d e g r e e )   w r a p .   T h i s   p r o v i d e s   e x c e l l e n t   a c c e s s i b i l i t y   t o  
mach ine  the  hydrodynamic  passages  o f  bo th  de t a i l s ,  and  l eaves  su f f i c i en t  hub  
material t o   s u p p o r t   t h e   m a i n   i m p e l l e r .  The l o c a t i o n  of t h e  i n t e r f a c e  is  immedi- 
a t e l y  u p s t r e a m  o f  t h e  l e a d i n g  e d g e  of t h e  p a r t i a l  vanes; t h e r e f o r e ,  o n l y  t h e  
f u l l  v a n e s  are i n v o l v e d  i n  t h e  s p l i t .  The f r o n t  s h r o u d  l a b y r i n t h s  are  a l l  
l oca t ed  on  the  p re impe l l e r ,  and  the  we ld  jo in t  is  l o c a t e d  a d j a c e n t  t o  t h e  l a b y -  
r i n t h s ,  a t  a small diameter where the added mass r e q u i r e d  f o r  t h e  j o i n t  d o e s  
n o t  p r e s e n t  a stress problem. 
I n i t i a l l y ,  t h e  i n t e r f a c e  was planned as a mechan ica l  gap ,  bu t  t he  we ld  jo in t  
w a s  added t o  m a i n t a i n  t h e  a x i a l  d e f l e c t i o n  a t  a n  a c c e p t a b l e  l e v e l  a n d  t o  elim- 
i n a t e  a p o t e n t i a l  r e c i r c u l a t i o n  l e a k  p a t h  a r o u n d  t h e  f r o n t  s h r o u d .  To ensu re  
a Class I w e l d ,  t h e  j o i n t  i s  u l t r a s o n i c a l l y   i n s p e c t e d .   P r o v i s i o n s  are  inc luded  
t o  f a c i l i t a t e  u l t r a s o n i c  i n s p e c t i o n  by i n c l u d i n g  e x c e s s  m a t e r i a l  o u t s i d e  t h e  
weld,  which i s  removed a f t e r  t h e  i n s p e c t i o n  i s  accomplished.  
The p r e i m p e l l e r  is i n s t a l l e d  w i t h  a combina t ion   of   hea t ing   and   press ing .  An 
i n t e r f e r e n c e  f i t  o f  0 . 1 0 4  t o  0 . 1 1 4  mm (0.0041  to   0 .0045  inch)  is  main ta ined  a t  
t h e  p i l o t i n g  d i a m e t e r  t o  e n s u r e  p o s i t i v e  p i l o t i n g  a t  a l l  o p e r a t i n g  c o n d i t i o n s .  
A x i a l l y ,   t h e   p r e i m p e l l e r  w i l l  bottom a t  t h e  hub. T o  e n s u r e   t h e  b e s t  p o s s i b l e  
c o n t a c t ,  t h e  m a t i n g  surfaces  a t  t h e  hub are be ing  he ld  to  an  0 .0025 mm (0.0001 
i n c h )   n o r m a l i t y .  The p r e i m p e l l e r  i s  p r e l o a d e d   a x i a l l y   d u r i n g  td welding  opera-  
t i o n  as a p r e c a u t i o n ;  a l t h o u g h ,  w i t h  t h e  h e a v y  d i a m e t r a l  i n t e r f e r e n c e  f i t ,  a 
l o s s  i n  a x i a l  c o n t a c t  i s  not  probable .  
Tool ing i s  used t o  p o s i t i o n  t h e  two p a r t s  r e l a t i v e  t o  e a c h  o t h e r  d u r i n g  t h e  
assembly  procedure  to  ensure  proper  matching  of  the  vane  sur faces  a t  t h e  
i n t e r f a c e .  
The e f f e c t i v e  stress a t  the   weld ,  composed  of t a n g e n t i a l ,  r a d i a l ,  a n d  a x i a l  
stresses, was c a l c u l a t e d  a t  42,000 N / c m 2  (60,600 p s i ) .  The t a n g e n t i a l  stress 
a t  t h e  w e l d  j o i n t  is  49,000 N/cm2 (71,000 p s i ) ,  and is t h e  m a j o r  c o n t r i b u t o r  
of t h e  t o t a l  e f f e c t i v e  stress. T r e a t i n g   t h e   e f f e c t i v e  stress as s t e a d y - s t a t e  
stress and  us ing  the  mechan ica l  p rope r t i e s  o f  a Class I ,  5A1-2.5Sn E L I  t i t a n i u m  
GTA weldment ( a s  w e l d e d )  a t  6 1  K ( -350   F)   t empera ture ,   the   u l t imate   and   y ie ld  
f a c t o r s  of s a f e t y  are  2 .47   and   2 .37 ,   respec t ive ly .  
The f i n i t e - e l e m e n t  g r i d  a n d  i s o s t r e s s  p l o t s  o f  t h e  e f f e c t i v e  stresses f o r  t h e  
e n t i r e  i m p e l l e r  are shown i n  F i g .  7 4  and  75.  Figure 76 and 77 include  an  en-  
l a r g e d  g r i d  a n d  i s o s t r e s s  p l o t s  o f  t h e  p r e i m p e l l e r  s e c t i o n .  
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Figure 7 3 .  Mark 48-F S p l i t ,  Impeller 
N = 10,940 rad/s  (104,500 RPH) 
! 1 
Figure  7 4 .  Mark 48-F Third-Stage  Impeller  Underformed 
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Figure  76. Enlarged End of Preirnpeller 
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N/cm : A = 678 B = 6873 C = 13540 D = 20337 E = 27090 F = 33780 
G = 40675 H = 47430 J = 54255 K = 61012 L = 67836 M = 73766 I . 
Figure 77. ?lark 48-F Split  Impeller  Preimpeller  Effective  Stress 
114 
The t o t a l  axial d e f l e c t i o n  o f  t h e  b a l a n c e  p i s t o n  h i g h - p r e s s u r e  seal relative 
t o  t h e  l o w - p r e s s u r e  seal is less than 0.076 mm (0.003 inch )  a t  9946 r a d / s  
(95,000 rpm) wi th   t he   we lded   impe l l e r .   The re fo re ,  a t o t a l  b a l a n c e  p i s t o n  g a p  
can be  main ta ined  a t  0.254 mm (0.010 i nch )  , which w a s  used i n  t h e  pump perform- 
a n c e  p r e d i c t i o n .  The d e f l e c t e d  s h a p e  o f  t h e  i m p e l l e r  i s  shown i n  F i g .  78. 
A f a t i g u e  a n a l y s i s  of t h e  i m p e l l e r  w e l d  j o i n t  w a s  made.  Because of t h e  o r i e n t a -  
t i o n  o f  t h e  w e l d  j o i n t ,  t h e r e  is a n  ax ia l  gap  be tween the  pre impel le r  and  the  
m a i n  i m p e l l e r .  T h i s  r e s u l t s  i n  a m e c h a n i c a l  n o t c h  f o r  w e l d  j o i n t  s t r a i n s  i n  
t h e  a x i a l  d i r e c t i o n .  The maximum a x i a l  s t r a i n  r a n g e  a t  t h e  n o t c h  a d j a c e n t  t o  
the  we ld  i s  0.0048, u s i n g  t h e  s t r u c t u r a l  f i n i t e - e l e m e n t  m o d e l  c a l c u l a t e d  axial  
s t r a i n  and a n o t c h  f a c t o r  o f  3. Based   on   the   above   s t ra in   range   and   the  low- 
c y c l e  f a t i g u e  l i f e  c a p a b i l i t y  ,of a Class 1 GTA weld j o i n t  of 5-2.5 t i tanium 
a t  6 1  K (-350 F ) ,  t h e  j o i n t  c y c l e  l i f e  i s  i n  e x c e s s  of 10,000 cycles ,  which 
s a t i s f i e s  t h e  minimum requi rement  of  1200 cyc les  (300 d u t y  c y c l e s  times a s a f e t y  
f a c t o r  o f  4 ) .  
GTAW j o i n t s  h a v e  b e e n  e v a l u a t e d ,  a n d  t h e  p r e d i c t e d  minimum s t r e n g t h  v a l u e s  h a v e  
been   deve loped   in   accordance   wi th   F ig .  7 9 .  These  values  are being  used as 
d e s i g n  p r o p e r t i e s  f o r  b o t h  GTAW and EB weldments. The v a l u e s  are cons idered  
c o n s e r v a t i v e  s i n c e ,  i n  a l l  cases, p r o p e r t i e s  of EB welds  have been demonstrated 
t o  b e  s u p e r i o r  t o  p r o p e r t i e s  r e s u l t i n g  from GTAW. 
Gas Genera tor  
The g a s  g e n e r a t o r  was d e s i g n e d  a s  a piece of s p e c i a l  t es t  equipment   to   provide 
t h e  d r i v e  g a s  f o r  turbopump t e s t i n g .  The requirements  imposed  to meet t h e   b a s i c  
i n t e n t   o f   s u c h  a f a c i l i t y  i t e m  w e r e :  (1) s t a b l e  o p e r a t i o n  a t  a l l  o p e r a t i n g  
p o i n t s ,  ( 2 )  r epea tab le   h igh   pe r fo rmance ,  ( 3 )  uniform  exhaust   gas   temperature  
p r o f i l e ,  ( 4 )  r e l i a b l e   i g n i t i o n ,  and (5)  d u r a b i l i t y  a n d   l o n g   l i f e .  
The g a s  g e n e r a t o r  d e s i g n  u s e s  s e p a r a t e  i n j e c t o r  and  combustor  assemblies  which 
are a t t a c h e d   w i t h  a b o l t e d   f l a n g e   ( F i g .  80 ) .  The i n j e c t o r   h a s  15 c o a x i a l   i n j e c -  
t ion   e lements ,   which  are des igned   fo r   s t ab le   ope ra t ion ,   h igh   pe r fo rmance ,   and  
complete   mixing.  The n o m i n a l   o p e r a t i n g   p a r a m e t e r s   f o r   t h e   i n j e c t i o n   e l e m e n t s  
a r e   g i v e n   i n   T a b l e  1 4 .  Analys i s  of the   e lement   des ign ,   us ing   the   Rocketdyne  
Steady-State Combustion Model,  indicated complete combustion within a d i s t a n c e  
of 8.89 c m  ( 3 . 5  i n c h e s )   f r o m   t h e   i n j e c t o r   f a c e   ( F i g .  81) .  The ou tpu t   f rom  th i s  
model was a l so  used  to  conduc t  a P r i e m  a n a l y s i s  t o  e v a l u a t e  t h e  s e n s i t i v i t y  of 
t he   combus t ion   p rocess   t o   t r ansve r se   acous t i c  modes in   the   combustor .  The 
r e s u l t s  o f  t h i s  a n a l y s i s  i n d i c a t e d  t h e  g a s  g e n e r a t o r  w i l l  h a v e  s t a b i l i t y  s u p e r -  
i o r  t o  t h e  5-2 and J-2s eng ines  (h ighe r  A) ,  wh ich  exh ib i t ed  dynamic  s t ab i l i t y  
t o  a l l  b u t   i n t e r m e d i a t e   s i z e  bombs (F ig .  8 2 ) .  The i n j e c t o r   e l e m e n t  was a l s o  
des igned  wi th  adequa te  in j ec t ion  p res su re  d rop  (P /Pc  = 0 . 1 3 )  t o  i s o l a t e  t h e  
gas generator from feed-system-coupled modes  of i n s t a b i l i t y .  
The i n j e c t i o n  e l e m e n t s  are a se l f - con ta ined  des ign  in  wh ich  each  e l emen t  i s  
b u i l t  as a b r a z e d   a s s e m b l y   f o r   i n d i v i d u a l   c a l i b r a t i o n   ( F i g .   8 3 ) .  The e lements  
have a r e c e s s e d  o x i d i z e r  p o s t  w i t h  f o u r  c e n t e r i n g  d e v i c e s  f o r  p o s i t i v e  a l i g n m e n t  
w i t h i n  t h e  f u e l  s l e e v e .  Narrow s l i t s  are used a t  t h e  e n t r a n c e  o f  t h e  f u e l  s l e e v e  
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Figure 80. LH 2 Turbopump Gas Generator 
LH2 INLET 
118 
TABLE 14 .  GAS GENERATOR INJECTOR ELEMENTS 
Nominal Operating Parameters 
Number of Elements 
Flowrate/Element 
Oxidizer Injection Velocity 
Fuel Injection Velocity 
Minimum Fuel Sleeve Gap 
Number of  Center Devices 
SI Units 
15 
0.20 kg/s 
24.4 m/s 
190.5 m/s 
3 . 8  x 
Engl ish Units 
0.44 1 b/sec 
80 ft/sec 
625 ft/sec 
0.015 inch 
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F i g u r e  81. Gas Generator  Coaxial  Element 
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Figure  82. Gas Generator  Priem Analysis 
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t o  act  as f i l t e r s  t o  p r o t e c t  t h e  minimum i n t e r n a l  f u e l  f l o w  area from being 
r e s t r i c t e d  by contaminat ion.  The element material is  CRES 3 0 4 L .  
The i n j e c t o r  body i s  an  a l l -welded  assembly  fabr ica ted  f rom CRES 3 4 7 .  The  in- 
j ec to r  e l emen t s  and  NARloy f a c e p l a t e  are b r a z e d  i n t o  t h e  i n j e c t o r  b o d y .  GRAYLOC 
f i t t i n g s  are used as p r o p e l l a n t  i n l e t s  t o  i n t e r f a c e  w i t h  t h e  tes t  f a c i l i t y .  An 
e n v e l o p e  h a s  b e e n  r e t a i n e d  i n  t h e  c e n t e r  o f  t h e  i n j e c t o r  f o r  p o t e n t i a l  u s e  of 
a s p a r k  i g n i t e r .  
The  combustor i s  an al l -welded assembly of  the combustor  body,  e lbow, and t rans-  
i t i o n  s e c t i o n .  Added margin  for   complete   mixing  and a uniform ex i t  tempera ture  
has   been   p rov ided   by   u s ing   t he   e lbow  to   i nduce   c i r cu la t ion .  The  combustor i s  
c o o l e d  b y  f i l m  c o o l a n t  i n j e c t e d  f r o m  o r i f i c e s  a t  t h e  p e r i p h e r y  of t h e  i n j e c t o r .  
The f i l m  c o o l a n t  t e m p e r a t u r e  is shown i n  F i g .  84 a s  a func t ion  o f  t he  d i s t ance  
f r o m  t h e  i n j e c t o r  f a c e .  
Acous t i c  abso rbe r s  were p l aced  in  the  combus to r  wa l l ,  d i r ec t ly  be low the  in j ec -  
t o r  f a c e ,  t o  p r o v i d e  a d d e d  s t a b i l i t y  m a r g i n  by damping acoustic modes i n  t h e  
combustor.  A summary o f   a c o u s t i c   a b s o r b e r   e x p e r i e n c e   ( F i g .  85) shows t h a t   t h e  
des ign  open  area  of t h e  g a s  g e n e r a t o r  a c o u s t i c  a b s o r b e r  l i es  i n  a f a v o r a b l e  
p o s i t i o n  r e l a t i v e  t o  p r e v i o u s  e x p e r i e n c e .  
A welded t r a n s i t i o n  s e c t i o n  was u s e d  between the gas  generator  and turbine mani-  
f o l d  b e c a u s e  a n a l y s i s  showed t h a t  t h e  h i g h  t e m p e r a t u r e  i n  t h i s  a r e a  would  pro- 
h i b i t  e f f e c t i n g  a p o s i t i v e  sea l  wi th  a f l a n g e d  j o i n t .  The j o i n t  i s  f a b r i c a t e d  
by weld ing   the   Inconel   625   t rans i t ion   p iece   to   the   Rene '  4 1  tu rb ine   mani fo ld  
(F ig .  86) .  This  w e l d  i s  t h e n   h e a t   t r e a t e d .  A f t e r  t he   Incone l   625   gas   gene ra to r  
t r a n s i t i o n  p i e c e  i s  w e l d e d  t o  the  combustor  elbow,  the two t r a n s i t i o n  p i e c e s  are 
jo ined   w i th   an  EB w e l d .  The g a s  g e n e r a t o r  t r a n s i t i o n  p i e c e  h a s  a l i n e r  s e c t i o n  
wh ich   ex tends   ove r   t he   t r ans i t i on   p i ece   we lded   t o   t he   t u rb ine   man i fo ld .   Th i s  
forms a t h e r m a l  b a r r i e r  w h i c h  e n s u r e s  t h a t  t h e  l i f e  o f  t h e  p r o t e c t e d  t r a n s i t i o n  
piece is  c o n s i s t e n t   w i t h   t h a t  of  t h e   t u r b i n e   m a n i f o l d .  The d e s i g n  of t h e   t r a n s -  
i t i o n  s e c t i o n  a l l o w s  t h e  g a s  g e n e r a t o r  t o  b e  removed  and  rewelded t o  t h e  t u r b i n e  
mani fo ld  wi . thout  harming  the  hea t  t rea t  o r  w e l d  between  Rene' 41 and Inconel   625 
s ince  the  rework  can  be made i n  t h e  p r o t e c t e d  I n c o n e l  6 2 5  t r a n s i t i o n  p i e c e s .  
I g n i t i o n  o f  t h e  g a s  g e n e r a t o r  was t o  b e  accompl i shed  us ing  py ro techn ic  ign i t e r s  
s imi l a r  t o  the  Rocke tdyne  P/N 651876 i g n i t e r  e x t e n s i v e l y  u s e d  f o r  5-2 gas  gen- 
e r a t o r  and  turbopump  development  esting. Two p y r o t e c h n i c   i g n i t e r   p o r t s  were 
provided   in   the   combustor .  T h e  subsequent  development  of a s p a r k   t o r c h   i g n i t e r  
under company funding based on p r i o r  work conducted under NASA-LeRC d i r e c t i o n  
p r e c l u d e d  t h e  n e c e s s i t y  of u t i l i z i n g  t h e  p y r o t e c h n i c  i g n i t e r s .  
FABRICATION 
Component F a b r i c a t i o n  
The methods  employed in  f ab r i ca t ing  the  ma jo r  componen t s  o f  t he  LH2 turbopump 
are d i s c u s s e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  
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Pump I n l e t .  The pump i n l e t   h o u s i n g ,  shown i n   F i g .   8 7 ,  w a s  a welded  assembly 
of components  machined o r  formed  f rom.Incone1 718 wrought material. The i n l e t  
gu ide   vanes  were genera ted   by   pantographing ,  as i l l u s t r a t e d  i n  F i g .  88. F igu re  
89  shows t h e  h o u s i n g  i n  a s t a g e  o f  p a r t i a l  c o m p l e t i o n ,  w i t h  t h e  component  con- 
t a i n i n g  t h e  g u i d e  v a n e s  w e l d e d  t o  t h e  dome, b u t  b e f o r e  t h e  i n l e t  t o r u s  w a s  
a t t a c h e d  . The comple t ed   i n l e t   hous ing  are shown i n   F i g .  90. 
An a l t e r n a t e  d e s i g n  a p p r o a c h  f o r  t h e  pump i n l e t  w a s  i n v e s t i g a t e d  f o r  p o t e n t i a l  
c o s t   r e d u c t i o n .   I n   t h i s   a p p r o a c h ,   t h e   r a d i a l   s c r o l l - s h a p e d   i n l e t   ( F i g .   9 0 )  
was r ep laced  by a n   a x i a l   e n t r y ,  as i l l u s t r a t e d   i n   F i g .   9 1 .   B i d s   r e c e i v e d   f r o m  
three   vendors   based   on   the   conceptua l   ske tch  shown i n  F i g .  9 1  r e v e a l e d  t h a t  t h e  
a x i a l  i n l e t  w o u l d   b e   s l i g h t l y  more expens ive .  A s  a r e s u l t ,  t h e  o r i g i n a l  d e s i g n  
concept  w a s  r e t a i n e d .  
Pump Crossovers .  The c r o s s o v e r s  were f a b r i c a t e d   i n   t h r e e   s e c t i o n s   f r o m   I n c o n e l  
718 ,  as i l l u s t r a t e d   i n   F i g .   9 2 .  The in te rna l   hydrodynamic   passages ,   inc luding  
t h e  r a d i a l  d i f f u s e r  a n d  t h e  rows o f  c ros sove r  gu ide  vanes ,  were generated by 
EDM. One o f   t h e   s e t u p s   f o r   f o r m i n g   t h e   d i f f u s e r   v a n e s  is  shown i n   F i g .   9 3 .  
The three   components   p r ior   to   assembly  are shown i n  F i g .  9 4 .  
"
A f t e r  a l l  t h e  i n t e r n a l  p a s s a g e s  were e s t ab l i shed ,  t he  componen t s  were jo ined  by  
EB welding,   and  the  assembly w a s  h e a t  t r e a t e d  a n d  f i n i s h  m a c h i n e d .  A 0.254 mm 
(0.010 i n c h )  t h i c k  s i l v e r  p l a t i n g  w a s  a p p l i e d  t o  t h e  i m p e l l e r  l a b y r i n t h  l a n d s .  
-__I Impe l l e r s .  The i m p e l l e r s  were f a b r i c a t e d   f r o m   s i n g l e   p i e c e s   o f  5.OA1-2.5Sn 
t i tan ium  forg ings .   Externa l   fea tures ,   hubs ,   and  s p l i n e s  were machined by  con- 
vent iona l   methods .  The i n t e r n a l  f l o w  passages  were genera ted   by  EDM from  the 
i n l e t  a n d  d i s c h a r g e  s i d e .  A t y p i c a l  EDM s e t u p  i n  w h i c h  t h e  v a n e  l e a d i n g  e d g e s  
were formed i s  i l l u s t r a t e d   i n   F i g .   9 5 .  
C o n s i d e r a b l e  d i f f i c u l t y  was e x p e r i e n c e d  i n  o b t a i n i n g  a s a t i s f a c t o r y  p a s s a g e  
s h a p e  i n  t h e  t r a n s i t i o n  z o n e  b e t w e e n  t h e  i n l e t  a n d  d i s c h a r g e  b e c a u s e  o f  t h e  
l a c k   o f   a c c e s s i b i l i t y   w i t h   a n   i n t e g r a l   f r o n t   s h r o u d .   S e v e r a l   r e w o r k s  were made 
i n  t h a t  a r e a  t o  e l i m i n a t e  d i s c o n t i n u i t i e s  a n d  p r o t r u s i o n s  i n  t h e  f l o w  c h a n n e l .  
The d e l i v e r e d  i m p e l l e r s  d e v i a t e d  somewhat  from t h e  d r a w i n g  i n  t h a t  t h e  v a n e s  d i d  
not  have a cont inuous  t w i s t  f r o m  i n l e t  t o  d i s c h a r g e ,  a n d  i n  c e r t a i n  a r e a s  t h e  
vanes were u n d e r s i z e .  A s  a r e su l t  o f   t h e   d i f f i c u l t i e s   e n c o u n t e r e d   i n   p r o d u c i n g  
t h e  impel le rs  t o  p r i n t ,  a d e s i g n  m o d i f i c a t i o n  was made i n  which the impel ler  i s  
f a b r i c a t e d  i n  two p ieces   and   j o ined  by EB welding.  The d e t a i l s  of t h i s   a p p r o a c h  
are d e s c r i b e d  e l s e w h e r e  i n  t h i s  r e p o r t .  
Each of t h e   c o m p l e t e d   i n t e g r a l   i m p e l l e r s  was   submi t t ed   t o   p roo f   sp inn ing ,   i n  
which  they were spun up t o  a speed  of   8376  rad/s   (80,000 rpm) a t  ambient temper-  
a t u r e .  No f a i lu re s   o r   pe rmanen t   de fo rma t ions  were encountered .  
A f in i shed   s econd-s t age   impe l l e r  i s  shown i n   F i g .  9 6 .  The t h r e e   i m p e l l e r s  
s t acked  on the r o t o r   a r e   i l l u s t r a t e d   i n   F i g .   9 7 .  
Turbine  Wheels. The tu rb ine   whee l s  were machined  from i n t e g r a l  A s t r o l o y  f o r g -  
i ngs .   Because   o f   t he   i n t eg ra l   sh roud  a t  the   ou te r   d i ame te r   o f   t he   whee l ,   t he  
b l a d e  s u r f a c e s  were gene ra t ed  by t h e  EDM from the upstream and downstream s i d e ,  
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F i g u r e  87 .  Pump In le t   Hous ing  
12 7 
lXY52-10/2/74-ClL* 
Figure 88. Mark 48-F I n l e t  Housing Guide Vane Pantographing 
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Figure 89. Partially  Completed  Mark 48-F Inlet  Housing 
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Figure  90. Mark 48-F In l e t   Hous ings  
10 VANES 
(CONCEPTUAL) 
4 VANES (CONCEPTUAL) 
Y / A  
Figure 91. Mark 48-F Turbopump  Axial Entry Pump  Inlet 
Figure 92. Crossover Fabrication 
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Figure 93 .  Mark 48-F Diffuser EDM Setup 
lXY52-8/19/74-C1 1* 
1xY52-11/21/74-c1c* 
Figure 94. LH Pump Crossover Details Before Welding 
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lXY52-10/2/74-ClH* 
Figure 95. Impeller EDM-ing Set-Up 
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Figure 96. Second Stage  Impeller 
Figure 97. LH Turbopump Rotor 2 
r e s p e c t i v e l y .  All b l a d e  s u r f a c e s  were formed concurren t ly  wi th  a one-piece 
e l e c t r o d e ,  shown i n  F i g .   9 8 .   T h e   l i g h t e n i n g   h o l e s  a t  t h e   c e n t e r   o f   t h e   b l a d e s  
were also formed  by EDM. The  comple ted   f i r s t -   and   second-s tage   wheels  are shown 
i n  F i g .   9 9   w i t h   t h e   c e n t e r  t i e  b o l t .  
Housing.  The  most  complex  component  of  the  turbopump t o  f a b r i c a t e  w a s  the   hous-  
i n g .  It i n c o r p o r a t e d ,   i n  a s i n g l e   w e l d e d   s t r u c t u r e ,   t h e  pump t h i r d - s t a g e   d i f -  
f u s e r  a n d  d i s c h a r g e  v o l u t e  a n d ,  o n  t h e  t u r b i n e  e n d ,  t h e  i n l e t  m a n i f o l d  a n d  f i r s t -  
s t a g e   n o z z l e   ( F i g .  100). I n  i t s  i n i t i a l  s t a g e s   o f   m a n u f a c t u r e ,   t h e   h o u s i n g  w a s  
f a b r i c a t e d  i n  two s e p a r a t e   g r o u p s .  The c o n s t r u c t i o n   o f   t h e   h o u s i n g  i s  i l l u s -  
t r a t e d  i n  F i g .  100.  The  chronology  of  processing is  d e p i c t e d   i n   F i g .  101. 
The pump end  of t h e  h o u s i n g  w a s  machined  from two m a j o r  f o r g i n g s .  The  -003 
component ,  which  conta ined  the  th i rd-s tage  d i f fuser ,  w a s  machined  from  an 
Incone l  718 f o r g i n g ,  w i t h  t h e  d i f f u s e r  v a n e s  f o r m e d  b y  EDM (F ig .  101, s t e p  1). 
The con tour s  o f  t he  -005 v o l u t e  c a p  ( F i g .  1 0 1 ,  s t e p  2) were machined  by  panto- 
g raph ing   (F ig .   101 ,   s t ep  3 )  from  Inconel  718,  and  the two pieces were j o i n e d  
by EB we ld ing   (F ig .   101 ,   s t ep  4 ) .  T r a n s i t i o n   r i n g s  (-027  and  -029)  of  Haynes 
188 material were a t t ached ,  by  EB w e l d i n g ,  i n  t h e  area where the turbine mani- 
f o l d  w a s  t o  b e  j o i n e d  t o  t h e  pump hous ing .  A t  t h i s  s t a g e ,  t h e  pump end  of  the 
~ hous ing  was h e a t   r e a t e d   t o   I n c o n e l  7 1 8  s p e c i f i c a t i o n s   ( F i g .  101, s t e p  5 ) .  
i 
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The f a b r i c a t i o n  o f  t h e  t u r b i n e  m a n i f o l d  p r o g r e s s e d  i n  a p a r a l l e l  e f f o r t  w i t h  
the   above ,  as shown i n  F i g .  101 .  The t u r b i n e  f i r s t - s t a g e  n o z z l e  was made from 
Haynes 188 a l l o y  by EDM o f   t he   f l aw   pas sages   (F ig .  101 ,  s t e p  1). A 1.52  mm 
( 0 . 0 6 0   i n c h )   t h i c k   l i n e  was cons t ruc ted   f rom  Incoloy   903   shee t  metal t o  r e d u c e  
t h e r m a l   g r a d i e n t s   a c r o s s   t h e   m a i n   p r e s s u r e  walls.  The c o n t a c t i n g  s i d e  o f  t h e  
l i n e r  was e t ched  to  p roduce  loca l  h igh  spo t s  and  the reby  r educe  the  su r face  
area i n  c o n t a c t .  The l i n e r  was i n s t a l l e d  " l o o s e 1 '  b e t w e e n  t h e  two man i fo ld   ha lves ,  
i . e . ,  wi thout  weld  a t tachment  to  a l low i t  t o  expand and contract  without  con-  
s t r a i n t s   ( F i g .   1 0 1 ,   s t e p  11). 
The  two mani fo ld  ha lves  were machined  from  Rene' 4 1  and assembled by tungsten 
i n e r t   g a s  (TIG) weld ing   (F ig .  101, s t e p   1 1 1 ) .   P a r t s   o f   t h e   m a n i f o l d ,   w h i c h  were 
a n a l y t i c a l l y  p r e d i c t e d  t o  b e  s u b j e c t  t o  h i g h  s t r a i n ,  were p l a t e d  ( F i g .  1 0 1 ,  
s t e p  I V )  0 .076  to  0 .25  mm ( 0 . 0 0 3  t o  0 . 0 1 0  i n c h )  t h i c k  w i t h  c o p p e r  t o  p r o v i d e  
hydrogen-environment-embrittlement protec t ion .   Haynes  188 t r a n s i t i o n   r i n g s  
were w e l d e d  t o  t h e  t u r b i n e  m a n i f o l d  i n  two areas  where  i t  was t o  b e  a t t a c h e d  
t o  t h e  pump v o l u t e  h o u s i n g .  
A t  t h i s  s t a g e  ( F i g .  1 0 1 ,  s t e p  V ) ,  t h e  w e l d e d  manifold  assembly was h e a t  t r e a t e d  
t o  Rene' 4 1  s p e c i f i c a t i o n .  
The welded and heat- t reated pump housing and turbine manifold were j o i n e d  ( F i g .  
101, s t e p  6 )  by EB welding a t  t h e  Haynes  188 t r a n s i t i o n  r i n g s .  The r i n g s  were 
of s u f f i c i e n t  l e n g t h  t o  leave the  hea t - t rea ted  Inconel  718  and  Rene '  4 1  on t h e  
pump and   tu rb ine   end   unaf fec ted   by   the   weld   hea t ing .   Af te r   the   f ina l   weld ing  
was a c c o m p l i s h e d ,  t h e  h o u s i n g  i n t e r n a l  f e a t u r e s  a n d  f l a n g e s  were f i n i s h  machined 
t o   p r i n t   r e q u i r e m e n t s   ( F i g .  101, s t e p   7 ) .  
~ 
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Figure 98. Turbine Wheel Machining  Set-up & Electrode 
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Figure  99. Turbine Wheels ti Center  Tie Bol t  
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Turb opump As s emb l y  
Ro to r  Ba lance .  Because  o f  t he  h igh  ope ra t ing  speeds  invo lved  and t h e  s t a c k e d  
r o t o r  c o n f i g u r a t i o n ,  t h e  b a l a n c i n g  p r o c e d u r e  h a d  t o  e l i m i n a t e  i n t e r n a l  moments 
r e s u l t i n g  f r o m  component imbalance, as w e l l  as moment and  force  vec tor  imbalance  
o f  t h e  r o t o r  as a u n i t .  To a c c o m p l i s h  t h i s  , balanc ing  was performed as fo l lows :  
1. 
2 .  
3. 
4.  
5.  
The f i r s t -  and third-s tage impel lers  were assembled on t h e  s h a f t  w i t h  
a short   spacer   between  them. Two turbopump b e a r i n g s ,  a x i a l l y  p r e l o a d e d  
i n  t h e  b e a r i n g  sleeves as i n  t h e  turbopump i n s t a l l a t i o n ,  were used  to  
s u p p o r t  t h e  r o t o r  o n  e i t h e r  e n d .  Temporary wax c o r r e c t i o n s  were made 
i n  t h e - p l a n e s  o f  t h e  two impel le r   shrouds .  To e n s u r e  t h a t  t h e  s p a c e r  
be tween  the  impe l l e r s  w a s  no t  a f f ec t ing  the  measu red  imba lance ,  i ts  
a n g u l a r  p o s i t i o n  w a s  r o t a t e d  1 . 5 7  r a d  (180 d e g r e e s )  r e l a t i v e  t o  t h e  
o t h e r  p a r t s ,  and dimensional measurements were repeated and the amount 
of  imbalance  compared. N o  s i g n i f i c a n t  d i f f e r e n c e  w a s  noted.  
The second-stage i m p e l l e r  w a s  i n s t a l l e d  i n  p l a c e  of  the  ba lance  spacer  
and i t s  imbalance w a s  de t e rmined ,  ma in ta in ing  cons t an t  t he  wax co r rec -  
t i o n s  on t h e  f i r s t -  and   t h i rd - s t age   impe l l e r s .  Wax c o r r e c t i o n  was 
appl ied  to  the  shroud of  the  second-s tage  i m p e l l e r .  
The turb ine  wheels  were added to  the rotor  assembly,  and their  imbalance 
w a s  t e m p o r a r i l y  c o r r e c t e d  w i t h  wax.  The balance  assembly i s  shown i n  
t h e  G i s h o l t  c r a d l e  i n  F i g .  1 0 2 .  
Repea tab i l i t y  checks  were per formed to  ensure  tha t  the  imbalance  re- 
mained within an acceptable  tolerance band on r e p e a t e d  d i s a s s e m b l i e s  
and reassemblies.  
F i n a l  b a l a n c e  c o r r e c t i o n s  w e r e  made by g r i n d i n g  material from  each 
impeller s h r o u d ,  t h e  t u r b i n e  d i s k s ,  and t h e  i n s t r u m e n t a t i o n  n u t .  
The f i n a l  r u n o u t  m e a s u r e m e n t s  o f  t h e  c r i t i c a l  surfaces are  n o t e d  i n  F i g .  103. 
The Gishol t  ba lanc ing  machine  used  is  capab le  of d e t e c t i n g  a d isp lacement  of 
0.0006 mm (25   p ' i nches ) .  With the   weight  of 3.746  kg (8.25  pounds)  of  the Mark 
48-F r o t o r ,  t h i s  t r a n s l a t e s  i n t o  a r a d i a l  l o a d  of  227 N (51 pounds)  a t  9946 
r a d / s  (95,000 rpm) shared  by  the  four   turbopump  bear ings.  The fo rego ing   co r re s -  
ponds t o  an i n b a l a n c e  of  0.22  g c m  (0.09 g i n c h ) ;  t h e  r e p e a t a b i l i t y  c h e c k  i n d i -  
c a t e d  a v a r i a t i o n  i n  t h e  m e a s u r e d  i n b a l a n c e  of 0.127 g cm (0.05 g inch) ,  which  
would r e s u l t  i n  a r a d i a l  l o a d  o f  1 2 5  N (28  pounds ) .  E i the r  i nba lance  level is 
compa t ib l e  wi th  the  capab i l i t y  o f  t he  bea r ings .  
Turbopunp  Assembly  Procedure.  The  buildup  of  the  turbopump w a s  accomplished i n  
the  fo l lowing  sequence :  . I -  
1. P a r t s  were c l eaned   fo r  LH2 s e r v i c e .  
2 .  Front  and  rear b e a r i n g  i n n e r - r a c e  s p a c e r  t h i c k n e s s e s  were e s t a b l i s h e d  
to  p rov ide  the  p rope r  bea r ing  p re loads .  
3 .  The t h i c k n e s s  of t he   t u rb ine   whee l  spacer w a s  e s t a b l i s h e d  t o  p r o v i d e  
t h e  p r o p e r  n o z z l e - t o - r o t o r  a x i a l  c l e a r a n c e .  
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Figure 101. Mark 48-F Housing 
Fabrication Process 
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Figure  102. Mark 48-F Balancing Setup 
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Figure 103. Mark  48-F Balance Assembly R a d i a l  Runouts  (TIR, inch) 
4 .  
5. 
6. 
7. 
8. 
9 .  
10.  
11. 
12 .  
13. 
14. 
15. 
1 6 .  
1 7 .  
The t h i c k n e s s  o f  t h e  b a l a n c e  p i s t o n  l o w - p r e s s u r e  o r i f i c e  r i n g  was 
e s t a b l i s h e d  t o  o b t a i n  t h e  d e s i r e d  b a l a n c e  p i s t o n  travel.  
Dimensions were t a k e n  t o  e s t a b l i s h  t h e  ax ia l  p o s i t i o n  of t h e  i m p e l l e r s  
when b o t t o m e d  o n  t h e  a d j a c e n t  p a r t s  t o  p e r m i t  c a l c u l a t i o n  o f  minimum 
c l e a r a n c e s  later i n  t h e  b u i l d .  
B e a r i n g ,  s h a f t  seal ,  a n d  i m p e l l e r  r a d i a l  c l e a r a n c e s  were measured. 
The r o t o r  a s s e m b l y  was ba lanced .  
The b a l a n c e  p i s t o n  l o w - p r e s s u r e  o r i f i c e  r i n g  w a s  i n s t a l l e d .  
The rear b e a r i n g  c a r t r i d g e  f r o n t  a n d  rear sh im th i cknesses  were e s t ab -  
l i shed  by  per forming  a r o t o r  p u s h - p u l l  test w i t h  a p a r t i a l l y  a s s e m b l e d  
turbopump a t  ambient   temperature .  
A "cold" check w a s  performed a t  LN2 t e m p e r a t u r e  t o  d e t e r m i n e  a n d  a d j u s t  
t h e  b e a r i n g  l o a d  a t  z e r o  p i s t o n  l o w - p r e s s u r e  o r i f i c e  c l e a r a n c e .  
The p a r t i a l  a s s e m b l y  u s e d  f o r  r o t o r  p u s h - p u l l  tests was d isassembled ,  
l e a v i n g  i n  t h e  h o u s i n g  t h e  b a l a n c e  p i s t o n  l o w - p r e s s u r e  seal ,  s h a f t ,  
rear bea r ing   package ,   sha f t  sea l ,  and   t he   t h i rd - s t age   impe l l e r .  
Success ive ly ,   the   second-s tage   c rossover ,   second-s tage  impel le r ,  f i r s t -  
s t a g e  c r o s s o v e r ,  f i r s t - s t a g e  i m p e l l e r ,  a n d  t h e  i n l e t  h o u s i n g  were 
as sembled ,  measu r ing  fo r  each  s t age  the  minimum a x i a l  c l e a r a n c e s .  
The f ron t  bea r ing  package  was added and the shaft  was preloaded by 
s t r e t c h i n g  o n  a n  I n s t r o n  t e n s i l e  tester t o  5 4 , 7 0 0  N (12,300  pound) 
l o a d ,  t o r q u i n g  t h e  r e t a i n i n g  n u t  w h i l e  t h e  s h a f t  was u n d e r  t e n s i l e  
l oad .  A t o t a l  s t r e t c h  of  0.686 mm (0.027  inch) was ob ta ined  on t h e  
s h a f t  i n  t h i s  manner. 
The b e a r i n g  p r e l o a d s  were v e r i f i e d  a t  ambient and LN2 tempera tures .  
The t u r b i n e  w a s  a s s e m b l e d  b y  i n s t a l l i n g  t h e  w h e e l  s p a c e r ,  r e t a i n i n g  
s tuds ,   f i r s t - s t age   whee l ,   s econd-s t age   nozz le ,   s econd-s t age   whee l ,  
r e t a in ing   nu t s ,   and   whee l   cove r .   Ax ia l  minimum and  blade-to-blade 
c l e a r a n c e s  were e s t a b l i s h e d  a t  e a c h  s t e p .  
On t h e  pump i n l e t  e n d ,  t h e  i n s t r u m e n t a t i o n  n u t  a n d  f r o n t  c o v e r  were 
i n s t a l l e d  and   the   speed   p ickup,   t empera ture   t ransducers ,   and   Bent ly  
p r o x i m i t y  t r a n s d u c e r s  were added. 
E l e c t r i c a l  c h e c k s  were performed,  :i:1d t h e  pump was leak-checked with 
gaseous  he l ium (GHe) a t  2 1  N/cm2 (30 p s i g ) .  
The c l e a r a n c e s  m e a s u r e d  r e l a t i v e  t o  t h e  f r o n t  b e a r i n g  a n d  i n s t r u m e n t a t i o n  p r o b e s  
a r e  shown in   F ig .   104 .   F igu re   105  s h o w s   t h e   i m p e l l e r   l a b y r i n t h   r a d i a l   c l e a r -  
a n c e s .   I n   F i g .   1 0 6 ,   t h e   c l e a r a n c e s   r e l a t i n g   t o   t h e   r e a r   b e a r i n g s  and s h a f t  
seal  are p resen ted .  The ax ia l   c learances   be tween  tu rb ine   components  are noted  
i n   F i g .   1 0 7 .  The r a d i a l  c l e a r a n c e s   i n   t h e   t u r b i n e ,   a s   e s t a b l i s h e d   d u r i n g   t h e  
c a l i b r a t i o n  b u i l d ,  a r e  i n c l u d e d  i n  F i g .  108. 
1 4  4 
Speed Pickup 1.067 mn 
( . 0 4 2   i n )  “1 
.oog mm (.0003 i n )  
.061 mm ( .0024 in) 
in) 
B e n t l y  
1 .448  mm 
(.OS7 in) 
R a d i a l   B e n t l y s  
oo = .914 mm (.036 i n )  
90’ = - 9 4 0  mm (.037 in) 1 -1 I 1 I .004 mm ( .00015 i n )  - 
Figure 104. Mark 48-F S/N 01-0 Assembly Instrumentation 
and Front Bearing Clearances 
.196 mm (.0077 i n )  .180 mm (.0071 
.213 mm (.0084 in) .185 mm (.0073 
.196 mm (.0077 i n )  ,170 mm (.0067 i n )  .206 mm (.0081 
.185 mm (.0073 i n )  .193 mm (.0076 i n )  .203 nun (.008 i 
,132 mm (.0052 i n )  
.172 mm (.0068 i n )  .157 mm (.0062 i n )  
.168 mm (.0066 i n )  .132 mm (.0052 i n )  
F i g u r e  105. Plark 48-F S/N 01-0 A s s e m b l y   I m p e l l e r  Labyr in th  C l e a r a n c e s  
i n )  
i n )  
i n )  
.n) 
.008 mm (.0003 in) 
--- // 
- .010 mm (.0004 in) 
..084 mm (.0033 in) 
.079 mm (. 0031 in) 
--.015 mm (-,0006 in) 
-.020 mm (- .0008 in) 
F i g u r e  106. Mark 48-F Turbine S/N 01-0 Axial C lea rances  
14 7 
3.226 mm (.127  in) I 
1.626 mm (.064 in) L, 
.610 mm (.024  in) - 
2.997 mm (.118  in) 
3.302 mm (.130  in) 
7 in) 
1.346 nun (.OS3 in) 
F i g u r e  107. Mark 48-F Turbine S/N 01-0 A x i a l   C l e a r a n c e s  
148 
I 
1 . 
/- 
1.575 rnrn dia. 
(.062 in) 
I 
.711 rnm dia. 
(.028 in) 
. 1 2 7  mm dia. 
( .005 in) 
I I .165 rnm dia 
I !  (.0065 in) 
.193 mm dia 
( ~ 0 7 6  in) 
. 1 2 7  mm dia 
(.005 in) 
.660 mm dia. 
(.(I26 i n )  
.E13 m l ~ :  dia. 
( . 0 3 2  i n )  
F i g u r e  108. Mark 48-F Turbine S/N 01-0 Rad ia l   C lea rances  
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Each of t h e  two p a i r s  o f  b e a r i n g s  i s  p r e l o a d e d  i n t e r n a l l y  by  two Belvil le s p r i n g s  
l o c a t e d  a t  the o u t e r  races. A minimum ax ia l  l o a d  o f  431 N (97 pounds) i s  r e q u i r e d  
t o  p r e v e n t  the b a l l s  f r o m  s k i d d i n g  on t h e  races a t  t h e  d e s i g n  s p e e d  o f  9946 r a d / s  
(95,000 rpm). The a c t u a l  p r e l o a d  o n  t h e  b e a r i n g s  i s  measured  by  bui ld ing  a pre- 
l imina ry  a s sembly  cons i s t ing  o f  the two b e a r i n g s ,  t h e  b e a r i n g  c a r t r i d g e ,  two 
Belvil le s p r i n g s   a n d   t h e   i n n e r  race s p a c e r .  With the inner race stack  c lamped 
a x i a l l y  t i g h t  w i t h  a t o o l ,  t h e  ax ia l  m o t i o n  o f  t h e  o u t e r  races as a f u n c t i o n  o f  
a p p l i e d  l o a d  i s  measured. The inner race s p a c e r  thickness is  a d j u s t e d  u n t i l  
the r e q u i r e d  p r e l o a d  is  o b t a i n e d .  The a c t u a l  l o a d  c u r v e ,  o b t a i n e d  f o r  t h e  pump 
and  tu rb ine  end  bea r ings  is shown i n  F i g .  1 0 9  a n d  110,  r e s p e c t i v e l y .  
The pump e n d  b e a r i n g  c a r t r i d g e  i s  f r e e  t o  move i n s i d e  t h e  i n l e t  h o u s i n g  b o r e ;  
t h e r e f o r e ,  t h e .  s p r i n g  p r e l o a d s  are t h e  o n l y  a x i a l  l o a d s  e x p e r i e n c e d  b y  t h o s e  
b e a r i n g s .   I n   c o n t r a s t ,   t h e   t u r b i n e  e n d   b e a r i n g   c a r t r i d g e  is  r e s t r a i n e d   a x i a l l y  
so  t h a t  t h o s e  b e a r i n g s  w i l l  r e s t r a i n  t h e  r o t o r  p o s i t i o n  w i t h i n  c e r t a i n  limits. 
The p l a n n e d  r o t o r  p o s i t i o n / a x i a l  l o a d  r e l a t i o n s h i p  i s  i l l u s t r a t e d  i n  F i g . l l l .  
The o b j e c t i v e  is to  have  the  bea r ings  abso rb  1793  N (403  pounds) of r o t o r  a x i a l  
l o a d  t o w a r d  t h e  t u r b i n e  s i d e  a t  the  po in t  where  the  ba l ance  p i s ton  low-pres su re  
o r i f i c e s  f a c e s  come i n  c o n t a c t ,  a n d  s i m i l a r l y  a b s o r b  1 7 7 9  N (400 pounds)  of  load 
toward  the  d i r ec t ion  o f  t he  pump when t h e  b a l a n c e  p i s t o n  h i g h - p r e s s u r e  o r i f i c e s  
are  a x i a l l y  a l i g n e d .  T h i s  w i l l  h o l d  t h e  r o t o r  i n  t h e  d e s i r e d  p o s i t i o n  s t a t i c -  
a l l y  and dur ing   the   low-speed   t rans ien t   phase .  
To o b t a i n  t h e  a c t u a l  b e a r i n g  l o a d s  v e r s u s  r o t o r  a x i a l  p o s i t i o n  c h a r a c t e r i s t i c s ,  
a push-pul l  t e s t  is made, i n  w h i c h  a x i a l  l o a d  i s  a p p l i e d  t o  t h e  r o t o r  t h r o u g h  
a fo rce   gage ,   and   ro to r   mo t ion  i s  m o n i t o r e d  w i t h  d i a l  g a g e s .  The s e t u p  i s  
i l l u s t r a t e d  i n  F i g .  1 1 2 .  Adjustments are  made i n   t h e   t h i c k n e s s   o f   t h e   s h i m s  
l o c a t e d  o n  e i t h e r  e n d  of t h e  b e a r i n g  c a r t r i d g e  u n t i l  t h e  d e s i r e d  l o a d - t r a v e l  
r e l a t i o n s h i p  i s  o b t a i n e d .  The r e s u l t s  of   the  push-pul l  tests ob ta ined  a t  
ambient   t empera ture  are  shown i n  F i g .  113 .  The test  is repea ted   w i th   t he  pump 
c h i l l e d   w i t h  LN2 t o   s i m u l a t e   c r y o g e n i c   c o n d i t i o n s .  The r e s u l t s   o b t a i n e d  on t h e  
co ld  push-pul l  tes t  are p r e s e n t e d  i n  F i g .  1 1 4 .  
The LN2 load  check was performed  only  toward  the  low-pressure  s ide  because,  a t  
zero   speed   and   pressure ,  a forward  load of 1780 N (401) pounds) i s  achieved a t  
a n e g a t i v e   h i g h - p r e s s u r e   o r i f i c e   a x i a l   c l e a r a n c e .   T h i s ,  combined w i t h   t h e   f a c t  
t h a t  a t  c r y o g e n i c  t e m p e r a t u r e s  t h e r e  i s  a r a d i a l  o v e r l a p  o f  t h e  o r i f i c e s ,  c o u l d  
damage t h e  o r i f i c e s  i f  a s i g n i f i c a n t  l o a d  t o w a r d  the. pump s i d e  were imposed. 
Turbopump Weights 
During  assembly,   the   pr incipal   components   of   the   turbopump as  w e l l  as  t h e  com- 
p l e t e d  u n i t  was weighed. A breakdown  of  the  measured  weights i s  i n c l u d e d   i n  
Table  15. 
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Figure  109.  Mark  48-F Front   Bear ing   Pre load  
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Figure  110. Mark 48-F Rear  Bearing  Preload 
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F i g u r e  111. Mark  48-F Turbopump Bearing  Loads vs P i s t o n  Position 
(Engl i sh  U n i t s  
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Figure 112. Mark 48-F Turbopump Assembly Push/Pull  Setup 
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F i g u r e  113. Mark  48-F B e a r i n g   P r e l o a d ,  Ambient T e m p e r a t u r e  
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Figure  3.14. Mark  48-F Bear ing   Pre load ,  LN2 Temperature 
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TABLE 15. MARK 48-F TURBOPUMP WEIGHTS 
r" Pump In1  et 
Housing  (including GG) 
First-Stage  Crossover 
Second-Stage  Crossover 
Turbine  Second-Stage  Nozzle 
Turbine  First-Stage Wheel 
Turbine  Second-Stage Wheel 
Shaft 
First-Stage  Impeller 
Second-Stage  Impeller 
Third-Stage  Impeller 
Miscellaneous 
Tota 1 Weight 
Rotor Weight 
-~ ~ 
Weight 
kg 
5.0 
22.7 
4.5 
4.0 
0.2 
0.54 
0.54 
0.45 
0.45 
0.4 
0.4 
4.42 
43.6 
3 .7  
pounds 
1 1  .o 
50.0 
10.0 
9.0 
0 .5  
1.2 
1.2 
1 .o 
1 .o 
0.9 
0.9 
9.3 
96.0 
8.25 
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TESTING 
G a s  Gene ra to r  Tes t ing  
To o p e r a t i o n a l l y  c h a r a c t e r i z e  t h e  LH2 Mark 48-F turbopump assembly p r i o r  t o  
a c t u a l  e n g i n e  t e s t i n g ,  a gas  generator  .assembly (P/N  Rs005024) w a s  developed 
a n d  h o t - f i r e  t e s t e d .  The gas   generator   assembly w a s  t e s t e d  i n  t h e  P r o p u l s i o n  
Research Area (PRA) a t  Rocketdyne 's   Santa   Susana  Field  Laboratory  (SSFL).  The 
3447 N/cm2 ( 5 0 0 0 - p s i )  p r o p e l l a n t  t a n k  r a t i n g s  p r o v i d e d  s u f f i c i e n t  o p e r a t i n g  
marg in  fo r  t he  r equ i r ed  gas  gene ra to r  r a t ed  chamber  p re s su re  o f  2344 N/cm2 
(3400   p s i a ) .   F igu res  115 and  116 show t h e  g a s  g e n e r a t o r  i n s t a l l a t i o n  i n  t h e  
L ima  s t a n d  o f  PRA. 
The LH2 turbopump gas generator test program w a s  c o n c l u d e d  s u c c e s s f u l l y  a f t e r  
a t o t a l  o f  1 5  h o t - f i r e  tests. Nine  of  these  tests were conduc ted  on  in j ec to r  
u n i t  No. 2 ,  w h i l e  t h e  r e m a i n i n g  tests were conducted on i n j e c t o r  u n i t  No. 3 .  
Tables  1GA and 16B are performance summaries of those tests conducted during 
the development  hot-f i re  program. 
Three  anomalies were u n c o v e r e d   d u r i n g   t h e   t e s t i n g   e f f o r t :  (1) i g n i t e r  ceramic 
c r a c k i n g ,  ( 2 )  f a i l u r e  t o  a c h i e v e  i g n i t i o n  on s e v e r a l  tests and,  ( 3 )  h o t  s t r e a k s  
and a moderate  amount  of  erosion a t  the  combustor  body in te rna l  w a l l .  The 
i g n i t e r  ceramic cracking  problem w a s  r e s o l v e d  by reducing  the  chamber  pressure  
b u i l d u p  rate by slowing down the  opening  rate of  the main LO2 v a l v e .  
I n  t h e  case o f  t h e  f a i l u r e  o f  t h e  i g n i t e r  t o  a c h i e v e  i g n i t i o n ,  t h e  c a u s e  h a s  
b e e n  a t t r i b u t e d  t o  t h e  l a c k  of a s p a r k  a t  des igned  a i r  gap l o c a t i o n  ( e l e c t r o d e /  
i g n i t e r  a d a p t e r  m a n i f o l d ) .  A c t u a l  s p a r k  c u r r e n t  f l o w  w a s  r e c o r d e d  f o r  t h e s e  
tests (016-022, -023, a n d  - 0 2 4 ) ,  b u t  t h e  p r e f e r e n t i a l  c u r r e n t  p a t h  w a s  d e t e r -  
mined t o  b e  a c r o s s  t h e  s p a r k  p l u g  c e r a m i c  t o  s p a r k  p l u g  o u t e r  s h e l l ,  a n  area 
s h i e l d e d  by t h e  b o r o n  n i t r i d e  c a p .  Any oxygen  gas   ionized by t h e  s p a r k  i n  
t h i s  l o c a t i o n  w o u l d  h a v e  l i t t l e  c h a n c e  t o  r e a c h  t h e  i g n i t e r  i n j e c t i o n  area 
due t o  t h e  t o r t u r o u s  p a t h  l e n g t h .  The b o r o n  n i t r i d e  c a p  w a s  removed p r i o r  t o  
test 016-025, bu t  t he  fo rward  end  p i ece  o f  bo ron  n i t r ide  w a s  r e t a i n e d  i n  t h e  
assembly. Each subsequent  tes t  a c h i e v e d   i g n i t i o n   w i t h o u t   i n c i d e n t .  
F i v e  h o t  s t r e a k s  were observed i n  t h e  combus to r  du r ing  the  t e s t ing  o f  t he  two 
LH2 t u r b o p u m p   g a s   g e n e r a t o r   i n j e c t o r s .   I n   t h e   c a s e   o f   i n j e c t o r   u n i t  No. 2 ,  
t h e  h o t  s t r e a k s  a p p e a r e d  o n l y  as s u r f a c e  d i s c o l o r a t i o n s  a f t e r  t h e  7 . 3 - s e c o n d  
mainstage t es t ,  and  no  erosion w a s  n o t e d .  I n  t h e  case of i n j e c t o r  u n i t  No. 3 ,  
one hot  s t reak (downstream of  injector  e lement  1-5)  progressed to  a moderate 
amount  of  combustor w a l l  e r o s i o n  d u r i n g  a 24-second mainstage test (016-029). 
The e r o s i o n  i s  shown in  pho tographs  o f  F ig .117  th rough  119 .  
Also d u r i n g  t h e  t e s t i n g  e f f o r t ,  a n  a s s o c i a t e d  p r o b l e m  w a s  i d e n t i f i e d  i n  t h a t  
a l a r g e   t e m p e r a t u r e   g r a d i e n t  w a s  observed  a t  t h e  ex i t  of   the  combustor .  The 
gradien t  244  K (440 R) f rom the w a l l  t o  t h e  c e n t e r  o f  t h e  e x i t  e l b o w  w a s  
recorded   on   an   e ight - thermocouple   t empera ture   rake  as shown i n  F i g .  1 2 0 .  The 
g r a d i e n t  v e r s u s  d i s t a n c e  f r o m  t h e  w a l l  is shown i n  F i g .  1 2 1 .  Also,  as shown, 
t h e  h o t  c o r e  i s  w e l l  c e n t e r e d  w i t h i n  t h e  f l o w s t r e a m ,  i n d i c a t i n g  t h a t  t h e  s m o o t h  
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Figure 115. Gas  Generator  Installation 
lSM63-7/24/75-SlB 
Figure 116. Gas  Generator  Installation 
Test No. 
016-019 1 8/15 
01 6-020  8/20 
01 6-021  8/20 
01 6-022  8/25 
01 6-023 
016-024 , 8/26 
8/25 
TABLE 16A. LH2 TURBOPUMP GAS GENERATOR TEST SUMMARY (SI UNITS) 
Test  Type 
l g n i  t i o n  
I g n i t i o n  
Ma i ns tage 
Ma i ns tage 
D u r a t i o n  
s e c t  
2.0 
2.0 
1.5 
5.0 
P I 
. c  2 1  Combustion 
N/cm Temperature, K 
96.5 
100 
708 
766 
2176 
21 96 
634 
729 
Ox id izer  
F lowrate,  F lowrate,  
Fue 1 
kg/s MR kg/s 
Flow, Flow, I g n i t i o n  
0.0224 
0.86 0.0215 0.0184 
0.93  0.0245  0.0229 
0.89  0.0252 
0.0179 0.84 0.0213 
No I g n i t i o n  
No I g n i t i o n  
No I g n i t i o n  
Ma i ns tage 
Ma ins tage 
Ma i nstage 
Ma i nstage 
Ma i nstage 
Ma i nstage 
Ma i nstage 
Ma i nstage 
1.2 
7.3 
2.2 
3.5 
24.0 
10.0 
22.0 
20.0 
" M a i n s t a g e  d u r a t i o n  d e t e r m i n e d  f r o m  m a i n  p r o p e l l a n t  i g n i t i o n  t o  c u t o f f  
**LH turbopump i n j e c t o r   u n i t  No. 3 2 
21 25 
2267 
2267 
221 8 
21 91 
2375 
2370 
2374 
498 
939 
746 
70 1 
898 
82 1 
883 
98 8 
0.0181 
0.0131 
0.0175 
0.0176 
0.0191 
0.0167 
0.0173 
0.0172 
0.0236 
0.0210 
0.0234 
0.0225 
0.0225 
0.0195 
0.0200 
0.0212 
NOTE: Tests  016-045, 046,  and  047  were  conducted w i t h  t h e  9 0 - d e g r e e  m i t e r  bend combustor   conf igurat ion.  
0.77 
0.62 
0.75 
0.78 
0.85 
0.85 
0.87 
0.81 
TABLE 16B . LH, TURBOPUMP GAS GENERATOR TEST SLJMMARY (ENGLISH UNITS) 
L 
I ”! 
I 
I 
I 
Fuel 
I g n i t i o n  
F1 ow 
1 b/sec 
0.0556 
0.541 
0.0473 
0.0469 
Ox i d  i zer  
I g n i t i o n  
Flow 
1 b/sec 
0.0494 
0.0505 
0.0405 
0.0394 
Ox id izer  
Flowrate, 
1 b/sec 
Fuel 
Flowrate, 
1 b/sec 
! 
I g n i t i o n  ’ 
MR 
1 I Test 
I , Date ,I Test No. 1 1975 Durat ion Cornbus t ion  ‘c’ sec* Temperature, R p s i a  Test Type MR 
I g n i t i o n  
I g n i t i o n  
Ma i ns tage 
Mainstage 
0.89 ‘ 
0.93 ~ 
0.86 
0.84 i 
2.0 
31 57 1.5 
I379 145 2.0 
1274 140 
1312 3185 5.0 
1141 
016-018 
.! 016-019 
i 
’ 016-020 
1 016-021 
~ 016-022 
~: 016-023 
01 6-024 
01 6-025 
01 6-026 
““01  6-027 
**016-028 
*%I 6-029 
**016-045 
**016-046 
**016-047 
815 
8/15 
8/20 
8/20 
8/25 
8/25 
8/26 
8/26 
8/26 
8/26 
8/26 
8/26 
11/18 
11/18 
1 1 /26 
- 
2.543 
2.747 
- 
0.61 
0.72 
No I g n i t i o n  
No I g n i t i o n  ’! 
I No I g n i t i o n  I 
i 
1.2  3083 89 7 
7.3 3289  1691 
2.2  3289 1343 
3.5 321  8  1262 
24.0 31 78 1617 
10.0 3445 1477 
22.0 3438 1590 
20.0 3444 1778 
1.726 
3.121 
2.071 
3.023 
3 - 052 
3.051 
3.123 
3.187 
4.445 
3.267 
4.094 
4.176 
3.286 
3.791 
3.553 
3.273 
0.61 
0.94 
0.76 
0.72 
0.93 
0.806 
0.879 
0.972 
Mains tage 
Ma i ns  tage 
Ma ins  tage 
Ma ins  tage 
Ma i ns tage 
Ma i ns  tage 
Ma i nstage 
Ma i ns  tage 
0.0399 
0.0289 
0.0385 
0.0388 
0.0422 
0.0368 
0.0382 
0.0380 
0.0521 
0.0464 
0.0516 
0.0496 
0.0497 
0.0430 
0.0441 
0.0468 
0.77 
0.62 
, 
0.75 
0.78 
0.85 
0.85 
0.87 
L 
Wains tage  du ra t i on  de te rm ined  f rom ma in  p rope l l an t  i gn i t i on  to  cu to f f  
**LH2 turbopump i n j e c t o r  u n i t  No. 3 
NOTE: Tests 016-045,  046,  and  047  were conducted  wi th  the  90-degree  miter bend combustor c o n f i g u r a t i o n  
F i g u r e  1 1 7 .  Combustor In t e rna l  Erosion 
lHS35-9/9/75-C1C* 
Figure 118.  Combustor I n t e r n a l  Heat Marks 
lHS35-9/9/75-ClA* 
Figure 119. Combustor  Heat  Penetration 
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NOTE:  VIEW  INTO  DUCT  TOWARD  INJECTOR 
T I C  1 
1502 R 
TIC 3 
1680 R 
TIC 5 
1443 R 
INSERTION  DEPTHS  SHOWN  ARE  APPROXIMATELY 
3x  SCALE-INDICATED  DEPTHS  (X.XXX") 
T IC 1 
833 K 
TIC 3 
933 K 
TIC 5 
802 K 
Figure  120. Thermocouple Rake I n s t a l l a t i o n  and 
Typical Temperature "leasurements 
THERMOCOUPLE  INSERTION  DEPTH,  INCH 
THERMOCOUPLE  INSERTION  DEPTH, cm 
Figure  121.  Combustion  Temperature vs Thermocouple   Inser t ion  Depth 
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e lbow could  be  a c o n t r i b u t i n g  f a c t o r  b y  i m p o s i n g  some t y p e  o f  c e n t r i f u g e  e f f e c t  
o n  t h e  e x i t  g a s e s .  However, i t  i s  more l i k e l y  t h a t  i n j e c t o r  e l e m e n t  f l o w s t r e a m  
d e f l e c t i o n  is  more l i k e l y  a n d ,  t h e r e f o r e ,  p o s e s  a more s i g n i f i c a n t  p r o b l e m .  
The combustor  and injector  were s h i p p e d  t o  Canoga P a r k ,  C a l i f o r n i a  f o r  d e t a i l e d  
a n a l y s i s .  I n j e c t o r  u n i t s  2 and 3 were water flowed i n  t h e  l a b o r a t o r y  i n  t h e  
a s - t e s t e d  c o n d i t i o n  t o  e v a l u a t e  a n y  p o s s i b l e  f l o w  m a l d i s t r i b u t i o n .  F i g u r e 1 2 2  
shows t h e  r e s u l t s  o f  t h e  o x i d i z e r - s i d e  f l o w  d i s t r i b u t i o n  tests o n  i n j e c t o r  
u n i t  No. 3 (produced   combustor   e ros ion) .   Note   tha t   the  two streams d i r e c t e d  
toward  the  outs ide  ( toward  the  combustor  wal l )  are t h e  exact elements  which 
p r o d u c e d   t h e   h o t   s t r e a k s   i n   t h e   c o m b u s t o r .  The e l e m e n t  o n  t h e  l e f t  (1-5) 
e roded  the  combustor  w a l l .  These  water-flow tests were run  a t  low f l o w r a t e s .  
a n d  p r e s s u r e s  w i t h  n o  b a c k  p r e s s u r e ;  t h e  f u e l  s i d e  o f  t h e  i n j e c t o r  was 
s i m i l a r l y  water f l o w  t e s t e d  w i t h  no g r o s s  a b n o r m a l i t y  n o t e d .  I n j e c t o r  u n i t  
No. 2 was a l s o  f l o w  t e s t e d ,  a n d  r e v e a l e d  t h a t  two LO2 stream elements ,  which 
were known t o  p r o d u c e  h o t  s t r e a k s ,  were d iver ted  outward  toward  the  combust ion  
wall .  The f low stream i m p i n g e m e n t  p a t t e r n  n o t e d  f o r  t h e s e  i n j e c t o r s  was 
r e p e a t e d   o v e r  several flow tests.  Tables  1 7 A  and 1 7 B  show t h e  d a t a  c o l l e c t e d  
d u r i n g  t h e  water f l o w  t e s t i n g  o f  i n j e c t o r  u n i t  No. 3. 
Fol lowing  the  water - f low tes ts ,  t h e  i n j e c t o r s  were inspec ted  d imens iona l ly .  
F igu re  1 2 3  is  a s c h e m a t i c  o f  t h e  LH2 i n j e c t o r  u n i t  3 face ,  showing the  re la t ive 
l o c a t i o n s   a n d   t h e   i d e n t i f i c a t i o n s   o f   t h e   e l e m e n t s .  The a r r o w s   n e x t   t o   t h e  
element show t h e  p o s t  o f f s e t  d i r e c t i o n  as w e l l  as t h e  amount  of o f f s e t  i n  r a d i a n s  
( d e g r e e s ,   m i n u t e s ) .   F i g u r e   1 2 3   a l s o   t a b u l a t e s   t h e   a c t u a l   a n g u l a r   m i s a l i g n -  
ments.  A similar i n s p e c t i o n  w a s  made on i n j e c t o r  u n i t  No. 2 ;  a l l  p o s t s  were 
w i t h i n  0.009 rad ian   (32   minutes )   o f   normal i ty .   Tables  1 8 A  and 1 8 B  show t h e  
r e s u l t s  o f  i n j e c t o r u n i t  3 d i m e n s i o n a l   i n s p e c t i o n s .   S i n c e   i n j e c t o r   u n i t  3 had 
p roduced  the  e ros ion  o f  t he  combus to r ,  a more  tho rough  ana lys i s  o f  t he  suspec ted  
e l emen t s  (1-5 and 1-8) p lus  one  which  appeared  to  be  wi th in  acceptab le  to le ran-  
ces (2-3) w a s  accompl ished .   F igure  1 2 4  through 126  p r e s e n t s   t h e   r e s u l t s   o f  
t h e  cup  dimensions  of   those  e lements .   General ly ,   e lements  1-8 and 2-3 appeared 
t o  h a v e  t h e  least  amount o f  a n n u l a r  ( s l e e v e  t o  LO2 pos t )  d imens iona l  d i sc re -  
panc ie s ,  wh i l e  e l emen t  1-5 (e roded  area of  combustor)  has  the  most  pronounced 
d i f f e r e n c e .   E v a l u a t i o n   o f   d i m e n s i o n  LO2 d l   ( F i g .   1 2 6 1 ,   w i t h   r e s p e c t   t o   t h e  
geometry  of   the  combustor ,  shows t h e  LO2 p o s t s  t o  b e  po in t ing  toward  the  wal l  
of  the  combustor.   This  al ignment  would  produce a h igh -mix tu re - r a t io ,   h igh -  
tempera ture  reg ion ,  and  probably  caused  the  observed  eros ion .  
A s  a r e s u l t  o f  t h e  a n a l y s i s  o f  t h e  c o m b u s t o r  h o t  s t r e a k  a n d  h i g h  e x i t  g a s  t e m -  
p e r a t u r e  g r a d i e n t ,  t h e  f o l l o w i n g  d e s i g n  c h a n g e s  were made t o  t h e  n e x t  h o t - f i r e  
tes t  series ( 0 1 6 - 0 4 5 - 0 4 7 )  : 
1. The f i l m   c o o l a n t   f l o w  was increased   f rom  about  4 . 5  t o  9.5% b y  machin- 
i n g  f i l m  c o o l a n t  o r i f i c e s  a d j a c e n t  t o  e a c h  o u t e r  c o a x i a l  e l e m e n t  f r o m  
0.051 t o  0.086 mm ( 0 . 0 2 0  t o  0 . 0 3 4  i n c h )  t o  p r o v i d e  b e t t e r  p r o t e c t i o n  
f o r  t h e  w a l l .  
2 .  The f i lm   coo lan t   imp ingemen t   pa t t e rn  was moved f u r t h e r   i n t o   c o m b u s t o r  
sect ion by removing 0 . 0 7 6  mm (0.030 i nch )  material f r o m  i n j e c t o r  t o  
combustor  mat ing f lange to  prevent  possible  impingement  on acoust ic  
cav i ty  open ing .  
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lHS49-9/5/75-C1B 
F igure  122, I n j e c t o r  Water Flow T e s t  
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TABLE 17A. LH2 INJECTOR  UNIT NO. 3 WATER FLOW TEST RESULTS (SI UNITS) 
E 1 emen t 
No. 
1 - 1  
1-2 
1-3 
1-4 
1-5 
1-6 
1-7 
1-8 
1-9 
1-10 
2- 1 
2-2 
2- 3 
2- 4 
2- 5 
LO2 Post 
Flowra te ,  
kg/s 
~ ~~ ~ ~~ 
0.01 52 
0.01 52  
0.0147 
0.0147 
0.01 52 
0.01 49 
0.01 18 
0.0149 
0.0145 
0.0149 
0.0150 
0.01 50 
" 
0.0149 
0.01 39 
Qt = 0.2196 
= 0.0146 
5 = 20.0008 
Fuel   Sleeve 
F lowra te ,  
kg /.s 
0.031 7 
0.031 6 
0.0305 
0.0320 
0.031 0 
0.0303 
0.0307 
0.0321 
0.031  2 
0.0307 
0.031 6 
0.0295 
0.0312 
0.031 7 
0.0299 
Qt = 0.4657 
Q = 0.0310 
o = 2 0.00076 
- 
F i  l m  
Coolant  
No. 
FC- 1 
-2 
- 3  
- 4  
-5 
-6 
-7  
-8 
-9 
-10 
- 1  1 
-12 
-13 
-14 
- 1  5 
- 1  6 
- 1  7 
- 1  8 
-19 
FC-20 
F i lm  Coo lan t  
F lowra te ,  
kg/s 
0.00125 
0.001 1 1  
0.001 1 1  
0.001 1 1  
0.00125 
0.00125 
0.00125 
0.001 25 
0.00125 
0.001 1 1  
0.00097 
0.00125 
0.001 1 1  
0.001 1 1  
0.001 39 
0.001 39 
0.001 1 1  
0.001 53 
0.001 1 1  
0.00125 
Qt = 0.0242 
Q = 0.0012 
0 ~0 .0001  
NOTE: 1 .  F i l m  coo lan t   pe rcen t  = 5.2 
2. These da ta   shou ld   be   rev iewed  on   ind iv idua l  LO2 or  
LH2 s y s t e m  r e l a t i o n s  f o r  v a r i a t i o n s  o n l y  w i t h i n  
that   system. 
3. Ups t ream  p ressu res   l im i ted   t o  0.69 t o  9.7 N/cm2 due 
t o  l a b o r a t o r y  s e t u p  c o n d i t i o n s .  
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TABLE 17B.  LH, INJECTOR UNIT NO. 3 WATER  FLOW TEST RESULTS (ENGLISH UNITS) 
L 
E 1 ement 
No. 
1 - 1  
1-2- 
1-3 
1-4 
1-5 
1-6 
1-7 
1-8 
1-9 
1-10 
2- 1 
2-2 
2- 3 
2-4 
2- 5 
7- 
" 
LO2 Post 
Flowra te ,  
9 Pm 
0.109 
0. l o g  
0.106 
0.106 
0.1 og 
0.107 
0.085 
0.107 
0.104 
0.108 
0.107 
0.108 
0.100 
0.107 
" 
Qt = 1 - 579 
- 
Q = 0.1052 
a = +0.006 
Fuel  Sleeve 
F lowra te ,  
9 Pm 
0.228 
0.21 9 
0.227 
0.230 
0.223 
0.231 
0.218 
0.221 
0. a24 
0.221 
0.227 
0.21  2 
0.224 
0.228 
0.215 
Qt = 3.348 
Q = 0.223 
a = 20.0055 
- 
F i l m  
Coolant  
No. 
FC- 1 
-2  
-3  
-4  
-5 
-6 
-7 
-8 
-9 
-10 
-1  1  
-12 
-13  
-14  
-15 
-16 
-17  
-18 
-19 
FC-20 
F i l m  C o o l a n t  
F lowra te ,  
9 Pm 
0.009 
0.008 
0.008 
0.008 
0.009 
0.009 
0.009 
0.009 
0.009 
0.009 
0.008 
0.007 
0.009 
0.008 
0.008 
0.010 
0.01 0 
0.008 
0.01 1 
0.008 
Qt = 0.174 
Q = 0.0087 
0 = +_0.0009 
- 
NOTE: 1. F i l m  coo lan t   pe rcen t  = 5.2 
2. These da ta   shou ld  be rev iewed   on   i nd i v idua l  LO2 o r  
LH2 s y s t e m  r e l a t i o n s  f o r  v a r i a t i o n s  o n l y  w i t h i n  
that   system. 
l a b o r a t o r y  s e t u p  c o n d i t i o n s .  
3 .  U p s t r e a m   p r e s s u r e s   l i m i t e d   t o  1 t o  4 p s i g   d u e   t o  
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PROPELLANT INLETS 
NOTE 1 .  LN2 TURBOPUMP  INJECTOR  FACE  SHOWN 
2. LO2 TURBOPUMP FACE HAS ELEMENT ROW 1 BLANK 
3. FC-I = FUEL COOLANT DESIGNATION 
Coaxial Element 
Identification 
1 - 1  
1-2 
1-3 
1-4 
1-5 
1-6 
1-7 
1-8 
1-9 
1-10 
2- 1 
2-2 
2-3 
2-4 
2-5 
LO; 
Misal 
rad i ans 
0.0087 
0.0018s 
0.0087 
0.0032 
0.0137 
0.0044 
0.0125 
0.0102 
0.0087 
0.0189 
0.0102 
0.0244 
0.0058 
0.0224 
0.0087 
'OS t 
lnmen t T 
minutes 
30 
1 1  
65 
47  
30 
1 5  
43 
35 
30 
65 
35 
84 
20 
77 
30 
J 
" 
L 
Film  Coolant 
Identificatiov 
FC- I 
-2  
-3  
-4 
-5 
-6 
-7  
-8 
-9 
-10 
- 1  1 
-12 
- 1  3 
-14  
-16 
-15  
-17 
-18 
-19 
FC-20 
T Radial I Misal 
radians 
0.0023 
0 
0.0076 
0 
0.0044 
0.0070 
0.0108 
0 
0.0015 
0 
0.0108 
0.0105 
0.0058 
0.0157 
0 
0 
0.0067 
0.0049 
0.01 I6 
0 .0029  
I C  lnments 
minutes 
8 
0 
IO 
26 
0 
15  
24 
37 
0 
5 
0 
37 
36 
20 
54 
0 
0 
23 
17 
40 
Figure123. Unit No. 3 LH Turbopump  Injector  Face  Dimensional 2 Inspection  Results 
1 7 2  
TABLE 18A. INJECTOR INSPECTION RESULTS, LH2 TURBOPUMP INJECTOR UNIT NO. 3 
( S I  UNITS) 
T LO2 Post 
I D ,  cm 
(0.221 -, +O.  0076, 
F i  I m  Coolant LO Post 
O r i f i c e ,  cm 
(0 .1143 +0.0013) 
2 Fuel S1 eeve 
ID, cm 
Post 
Depth, cm 
(0.254  +0.0127) t Angle, radian (0.087 t o .  0087) O r i f i c e  Size, crn (0.0508 fi0.00508) 3.0000’ 
U/N 3 
0.2243 
0.2235 
0.2210 
0.2184 
0.2235 
0.2210 
0.2210 
0.2235 
0.2210 
0.221 0 
0.2240 
0.2235 
0.2210 
0.2210 
0.221 0 
I Element 
No. 
I D  
No. U/N 2 U/N 2 
0.0853 
0.1133 
0.0965 
0.1118 
0.1 I38 
0.1118 
0.1166 
0.1 I38 
0.1156 
0.1072 
0.1 I48 
0.1158 
0.1161 
0.1168 
0.1 I56 
U/N 3 
0.1 I56 
0.1130 
0.1133 
0.1  I30 
0.1135 
0.1156 
0.0960 
0.1130 
0.1143 
0.1158 
0.1 I30 
0.1130 
0.1 I48 
0.1151 
0.1 I23 
U/N 2 
0.261 6 
0.2667 
0.2667 
0.2642 
0.2718 
0.2692 
0.2718 
0.2718 
0.261 6 
0.2667 
0.2591 
0.2591 
0.2565 
0.2591 
0.2642 
U/N 2 
0.2184 
0.2184 
0.2210 
0.2184 
0.2184 
0.2159 
0.2527 
0.2184 
0.2184 
0.2210 
0.2159 
0.2123 
0.21 23 
0.2123 
0.2121 
U/N 3 
0.2718 
0.2692 
0.2591 
0.2642 
0.2616 
0.2667 
0.2667 
0.2642 
0.2642 
0.2718 
0.2642 
0.2616 
0.2591 
0.2642 
0.2642 
U/N 2 
0.0508 
0.0508 
0.0521 
0.0508 
0.0521 
0.0508 
0.0508 
0.0483 
0.0483 
0.0483 
0.0508 
0.0508 
0.0483 
0.0508 
0.0483 
0.0508 
0.0508 
0.0508 
0.0508 
0.0508 
U/N 2 
0.0521 
0.0521 
0.0516 
0.0526 
0.0526 
0.0526 
0.0521 
0.0513 
0.0521 
0.0521 
0.052 1 
0.0523 
0.0521 
0.0518 
0.0518 
0.0518 
0.0526 
0.0521 
0.051 6 
-” 
0.0526 
U/N 3 
0.0960 
0.1056 
0.0989 
0.0989 
0.1091 
0.0989 
0.1111 
0.1076 
0.1018 
0.0890 
0: 0995 
0.0989 
0.1076 
0.0998 
0.1og1 
0.0960 
0.1085 
0.0983 
0.1062 
0.0998 
U/N 2 
0.1076 
0.1059 
0.1018 
0.1070 
0.0995 
0.1033 
0.1062 
0.0989 
“ 
0 0995 
0.1036 
0.1047 
0.1004 
0.0989 
0.0989 
0.1021 
0.0992 
0.1006 
0.1047 
0.10g1 
0.0966 
1 - 1  
1-2 
1-3 
1-4 
1-5  
1-6 
1-7 
1-8 
1-9 
1-10 
2- 1 
2-2 
2-3 
2-4 
2-5 
-c- 1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
- 1  1 
-12 
-1 3 
-14 
-15 
-16 
- 1  7 
-1 8 
-1 9 
x-20 
- 
I 
I 
I 
( 1 )  Varied 0.3927 t o  0.3962 
(2)  Varied 0.3912 t o  0.3945 
(3) Varied 0.3929 t o  0.3942 
(4 )  Vareid 0.3894 t o  0.3929 
(5) Varied 0.3912 t o  0.3927 
(6)  Varied 0.3917 t o  0.3950 
( 7 )  Varied 0.3917 t o  0.3955 
(8) Varied 0.3891 t o  0.3932 
TABLE 18B. INJECTOR  INSPECTION R E S a T S ,  LH2 TURBOPUMP INJECTOR UNIT NO. 3 
(ENGLISH UNITS) 
r L O 2  Post IO, inch LO Post O r i f i c e ,   i n c h  (0.045  20.005) 2 Fi lm Coolant F u l  1 Sleeve Post ID, inch (0.100 t0 .005)  (0.153 +i:iiA) Depth,  inch r r i f i c e   S i z e ,   i n c h  (0.020 20. 002) Angle, (5" t0 .5)  
7 I O  No.  FC- 1 -2 
-3 
-4  
-5 
-6 
-7 
-8 
-9 
-10 
- 1  I 
-1  2 
- 1 3  
- 1 4  
-15 
-16 
-17 
-18 
-19 
FC-20 
" 
Element 
N o .  
1 - 1  
1-2 
1-3 
1 - 4  
1-5 
1-6 
1-7 
1-8 
1-9 
1-10 
2- 1 
2 -2  
2- 3 
2-4 
2-5 
"_ U / N  2 " 
0.0336 
0.0380 
0.0446 
0.0440 
0.0448 
0.0440 
0.0459 
0.0448 
0.0455 
0.0422 
0.0452 
0.0456 
0.0457 
0.0460 
0.0455 
"- 
U / N  3 
0.0455 
0.0445 
0.0446 
0.0445 
0.0447 
0.0455 
0.0378 
0.0445 
0.0450 
0.0456 
0.0445 
0.0445 
0.0452 
0.0453 
0.0442 
U/N 2 
0.086 
0.087 
0.086 
0.086 
0.086 
0.085 
0.0995 
0.086 
0.085 
0.0836 
0.0836 
0.0836 
0.0835 
0.086 
0.087 
U/N 3 
0.0883 
0.0870 
0.0880 
0.0870 
0.0880 
0.0870 
0.0880 
0.0860 
0.0870 
0.0870 
0.0882 
0.0880 
0.0870 
0.0870 
0.0870 
U/N 3 
0.0205 
0.0205 
0.0203 
0.0207 
0.0207 
0.0205 
0.0202 
0.0205 
0.0205 
0.0205 
0.0205 
0.0204 
0.0204 
0.0207 
0.0204 
0.0207 
0.0205 
0.0203 
0.0207 
0.0206 
U / N  2 
0.020 
0.020 
0.0205 
0.020 
0.020 
0.020 
0.020 
0.020 
0.019 
0.019 
0.019 
0.020 
0.020 
0.020 
0.019 
0.020 
0.019 
0.020 
0.020 
0.0205 
U/N 2 
6" 1 0 '  
6" 04 '  
5" 42'  
5" 50' 
6" 08' 
5" 42' 
5" 55' 
6" 05' 
5" 30' 
5" 43'  
6" 03' 
5" 40' 
5" 40 '  
5" 40' 
6" 15' 
6" 20' 
0.1544  0.103  0.107 
I 0.105  .106 
0. IO6 ! 0.102 
0.105 ! 0.104 
0.104 10.103 
0.107 j 0.105 
0.107 j 0.104 
0 .103  ' 0.104 
0.  I O 5  I O .  107 
0.102 0.104 
0.102 ! 0.103 
0.101 0.102 
0.102 0.  I O 4  
0.104 0.104 
0 .  I O 7  i 0.105 
I 
I 
5" 40' I 6" IO' 
6" 00' 5" 06'  
5" 45' 5" 42' 
5" 40'  5" 40' 
5 0  56' 5 0  50' 
I 
6" 10' 
5" 15' i 
I 
5" 43'  I 
5" 30' 
6" 13' 
5" 38' 
6" 05.' 
5" 40'  
5" 51 ' 
5" 41 I 
5" 46' 
6" 15' 
5" 32' 
6" 00' ( I )  Varied 0.1542 t o  0.156 
(2) Varied 0.154 t o  0.1553 
(3) Varied 0.1547 t o  0.1552 
( 4 )  Varied 0.1533 t o  0.1547 
(5 )  Varied 0.154 t o  0.155 
(6 )  Varied 0.1542 to 0.1555 
( 7 )  Varied 0.1542 t o  0.1557 
(8) Varied 0.1532 to  0.1548 
F i g u r e  124. Coaxial  Element  Evaluat ion ASE P r e b u r n e r  I n j e c t o r ,  
Uni t  3,  Element 1-5 ( S I  U n i t s )  
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Figure 124.  Coaxial  Element  Evaluat ion ASE P r e b u r n e r  I n j e c t o r ,  
Uni t  3 ,  Element  1-5  (English  Units)  
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Figure 125. Coaxial Element Evaluation ASE Preburner Injector,  
Unit 3 .  Element 1-8 (SI Units) 
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Figure  125 .  Coaxia l  E lement  Evalua t ion  ASE P r e b u r n e r  I n j e c t o r ,  
Unit  3 ,  Element 1-8 (Eng l i sh   Un i t s )  
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Figure 126. Coaxial Element Evaluation ASE Preburner Injector, 
Unit 3, Element 2-3 ( S I  Units) 
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F i g u r e  126.  Coaxia l  E lement  Evalua t ion  ASE P r e b u r n e r  I n j e c t o r ,  
Unit  3 ,  Element 2-3 (Eng l i sh   Un i t s )  
3. S i n c e  t h e  a c o u s t i c  cavities have  been  observed t o  c o l l e c t  m o i s t u r e  
fo l lowing  a test, d r a i n  h o l e s  0 . 7 6 2  mm (0.030 inch) i n  d i a m e t e r  were 
machined i n t o  a c o u s t i c  c a v i t y .  T h i s  d e s i g n  c h a n g e  w i l l  n o t  n e g a t e  
t h e  e f f e c t i v e n e s s  o f  t h e  a c o u s t i c  cavities. 
4 .  Three   bosses  were provided  t o  d e t e r m i n e  t h e  t e m p e r a t u r e  p r o f i l e  i n  
t h e  l a r g e  s e c t i o n  of the  combustor  upstream of t h e  c o n v e r g i n g  s e c t i o n .  
The three   t empera ture   measurements   moni tor   (a )  w a l l  temperature  below - 
t h e  p r e v i o u s  e r o d e d  area i n - l i n e  w i t h  t h e  l a r g e r  f i l m  c o o l a n t  o r i f i c e  
0.864 mm (0.034 i nch )  , (b) the c e n t e r  c o r e  t e m p e r a t u r e ,  a n d  (c) w a l l  
t empera ture  be low the  smaller f i l m  c o o l a n t  o r i f i c e  0 . 5 0 8  mm (0.020 
inch)   about   2 .09  radians  (120  degrees)   f rom  measurement   (b)   above.  
5 .  The LO2 p o s t s  o f  i n j e c t o r  u n i t  No. 3 were s t r a i g h t e n e d   m e c h a n i c a l l y  
p r i o r  t o  n e x t  test .  Records  of  any  post  movements w i l l  be   maintained.  
6 .  The q u a r t e r  t o r u s  s e c t i o n  w a s  changed t o  a 1 .57   rad ian   (90   degree)  
miter bend.   This   design  change w a s  made to   ensu re   adequa te   mix ing   o f  
t h e  e x h a u s t  g a s e s  t o  m a i n t a i n  a more uni form tempera ture  f rom the  
c o r e   t o   t h e   o u t e r   w a l l .   F i g u r e  1 2 7  is a s k e t c h   o f   t h e   c h a n g e s   t o  
the combustor body. 
Three tests c o m p r i s e d  t h e  f i n a l  g a s  g e n e r a t o r  c a l i b r a t i o n  tes t  series f o r  
m a i n s t a g e   d u r a t i o n s  of 10 ,  22 ,   and   20   s econds ,   r e spec t ive ly .   Resu l t s   o f   t he  
test e f f o r t  d e m o n s t r a t e d  t h a t  t h e  c u r r e n t  f a c i l i t y  LH2 tank  volume  would 
s a f e l y  p e r m i t  LH2 turbopump  gas  generator  nominal  mainstage tests of  20 
s e c o n d s  d u r a t i o n ,  i n c l u d i n g  a l l o w a n c e s  f o r  f u e l  l e a d  a n d  c u t o f f  l a g  f l o w  
volumes. 
The o v e r a l l  o b j e c t i v e  o f  t h e s e  f i n a l  t es t s  was t o  e v a l u a t e  t h e  e f f e c t s  o f  
c h a n g i n g  t h e  q u a r t e r - t o r u s  s e c t i o n  o f  t h e  c o m b u s t o r  t o  a 1 .57  rad ian  (90 degree)  
miter bend  (Fig.  127). The miter bend  was i n s t a l l e d   t o   e n h a n c e   p r o p e l l a n t  
mix ing  and  thereby  reduce  the  prev ious ly  observed  thermal  grad ien t  be tween 
t h e  c o r e  a n d  wall gas t empera tu res .  
F igu re  1 2 8  shows t h e  L i m a  t e s t  f a c i l i t y  i n s t a l l a t i o n  o f  t h e  LH2 turbopump  gas 
g e n e r a t o r   w i t h   t h e   1 . 5 7   r a d i a n  (90 degree)  miter bend. The r e s u l t s   o f   t h e  
t e s t i n g  show t h a t  t h e  1 . 5 7  r a d i a n  (90  degree)  miter bend  ach ieved   the   des i red  
e f f e c t ,  i n  t h a t ,  t h e  t h e r m a l  g r a d i e n t  was reduced  from  about  244 K (440 R) 
b e f o r e  t h e  c o m b u s t o r  m o d i f i c a t i o n  t o  a b o u t  81 K (145 R) a f t e r  t h e  c o m b u s t o r  
mod i f i ca t ion .   F igu re  1 2 9  shows the  comparison of t h e   c o m b u s t o r   e x i t   p l a n e  
( i . e . ,   t u r b i n e   i n l e t )   g a s   t e m p e r a t u r e   v e r s u s   t h e r m o c o u p l e   i m m e r s i o n   d e p t h  
bo th   be fo re   and   a f t e r   t he   combus to r   mod i f i ca t ion .   In   add i t ion   t o   t he   e igh t  
e x i t  p l a n e  t h e r m o c o u p l e s ,  t h r e e  a d d i t i o n a l  t h e r m o c o u p l e s  were i n s t a l l e d  i n  
the  upper   combust ion  zone  about   15.24 cm (6 i nches )   be low  the   i n j ec to r   f ace .  
These  thermocouples were inser ted   2 .54 ,   15 .24 ,   and   29 .21  mm (0.1, 0 . 6 ,  and 
1 . 1 5   i n c h e s )   i n t o   t h e   c o m b u s t o r   g a s  flow. 
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Figure 127. Small,  High-pressure Gas Generator  Combustor  Modifications 
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Figure  128. LH2 Turbopump Gas  Generator  Installation 
(Lima  Stand, PRA) 
183 
110c 
1 ooc 
a r 
W 
I- 
90( 
301 
- 2000 
1 goo 
- 1800 
iz 
W 
cz 
3 -2 1700 
cz 
W 
a r 
W 
1600 
150c 
- 1401 
0 16-029 
(PRE-HOD), 
# /  (go MITER BEND) 
/ ” 
0.1 0.2 0.3’ 0.4 0.5 0.6 0.7 
THERMOCOUPLE INSERTION DEPTH, INCH 
I I U 
0 1 . o  2.0 
THERMOCOUPLE INSERTION DEPTH, cm 
Figure 129.  LH Turbopump Gas G e n e r a t o r  Exi t  P l a n e   T e m p e r a t u r e   P r o f i l e  2 
F i g u r e  131 shows t h e  t e m p e r a t u r e  p r o f i l e  i n  t h e  u p p e r  c o m b u s t i o n  z o n e  f o r  test 
016-047. These  thermocouples were n o t  i n s t a l l e d  b e f o r e  t h e  c o m b u s t o r  m o d i f i -  
ca t ion ;  therefore ,  no  d i rec t  compar ison  of  the  upper  combust ion  zone  tempera-  
t u r e  p r o f i l e  w a s  p o s s i b l e .  From t h e  r e s u l t s  o f  t h e s e  tests, i t  is recommended 
t h a t  t h e  1 . 5 7  r a d i a n  (90 degree)  miter bend be  incorpora ted  in to  the  combustor  
body f o r  t e s t i n g  w i t h  t h e  LH2 turbopump. 
The ha rdware  cond i t ion  fo l lowing  these  series of tests w a s  s a t i s f a c t o r y  w i t h  
no  damage no ted .   F igu re   132  shows t h e  c o n d i t i o n  o f  t h e  i n j e c t o r  ( u n i t  3M) 
f a c e .  
F i g u r e  1 3 3  i s . a n  i n j e c t o r  p e r f o r m a n c e  p r e d i c a t i o n  map f o r  i n j e c t o r  u n i t  3M 
s h o w i n g  t h e  r e l a t i o n s h i p  o f  LO2 i n j e c t i o n  p r e s s u r e  v e r s u s  f u e l  i n j e c t i o n  
p r e s s u r e  v e r s u s  t h e  p e r f o r m a n c e  t a r g e t  o f  P C ,  MR, and tempera ture .  
The i n j e c t o r  e l e m e n t  d e s i g n  i s  shown in   F ig .   130 .   Measurements   o f   the  0.381mm 
(0.015 i n c h )  f u e l  s l e e v e  a n n u l u s  i n d i c a t e d  some o x i d i z e r  p o s t  b i a s  a n d ,  t h e r e -  
fo re ,  t he  s t r a igh ten ing  o f  pos t s  and  the  impos ing  o f  some .mechan ica1  method 
f o r  m a i n t a i n i n g  them s t r a i g h t ,  may b e  s u f f i c i e n t .  The r e s u l t s  o f  t h e  tes t  
e f f o r t  i n d i c a t e  t h a t ,  f o r  c o n c e n t r i c - e l e m e n t  i n j e c t o r s  d e s i g n e d  t o  u s e  LH2 
as t h e  f u e l ,  small a n n u l l i  c a n  r e s u l t  i n  f l o w  stream d e f l e c t i o n ,  a n d  a h o t  
c o r e  o r  p o s s i b l e  wa l l  s t r e a k i n g   c a n   r e s u l t .   A l t e r n a t i v e s ,   s u c h  as d e c r e a s i n g  
t h e  number of  e lements ,  have  poss ib le  per formance  and  weight  impl ica t ions  and ,  
t h e r e f o r e ,  t h e  m a i n t a i n i n g  of s t r a i g h t  e l e m e n t s  ( w i t h o u t  d i s t u r b i n g  t h e  f u e l  
f l o w )  i n  a n  area t o  be i n v e s t i g a t e d .  
LH2 0.394 m 
1 ( 0 . 0 1 5 5 - I N C H )  F U E L  ANNULUS-, 
2.54 mn 
(0.100 I N. ) 
F i g u r e  130. M E  LH2 Turbopump Gas G e n e r a t o r   I n j e c t o r  
Element  (Cross  Section) 
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Figure 131. LH2 Turbopump Gas Generator  Combustion Zone 
Temperature  Profile 
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Figure  132. In j ec to r   Un i t  3M Following Test 
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F i g u r e  133. I n j e c t o r  Performance Map 
-~ T u r b i n e   C a l i b r a t i o n   T e s t i n g  
C a l i b r a t i o n  o f  t h e  Mark  48-F t u r b i n e  t o  e s t a b l i s h  i t s  a e r o t h e m d y n a m i c  p e r -  
formance w a s  accomplished  with  ambient-temperature GN2 as t h e  p r o p e l l a n t .  The 
r o t o r  s p e e d s  were main ta ined  in  the  range  of  1050 rad /s  (10 ,000  rpm) t o  2600 
rad/s   (25,000 rpm) t o  s i m u l a t e  t h e  o p e r a t i o n a l ' w h e e l  t i p  s p e e d / g a s  s p o u t i n g  
v e l o c i t y  r a t i o s  (U/Co).  
The t e s t i n g  w a s  performed a t  Wyle L a b o r a t o r y  i n  E l  Segundo,  Cal i fornia .  The 
b a s i c  test s e t u p  is  i l l u s t r a t e d  i n  F i g .  1 3 4  a n d  135.  Power  developed  by  the 
t u r b i n e  w a s  absorbed by a Mark 4 pump w h i c h  r e c i r c u l a t e d  water from a reser- 
v o i r .  A Lebow i n - l i n e  t o r q u e m e t e r  w a s  i n s t a l l e d  b e t w e e n  t h e  t u r b i n e  a n d  
the power-absorbing pump t o  i n d i c a t e  t h e  t o r q u e  d e v e l o p e d  b y  t h e  t u r b i n e .  
The tes t  u n i t  i n s t a l l e d  i n  t h e  Wyle f a c i l i t y  is  shown in  F ig .136  and  137 .  
The tests were s ta r ted  on  12  Augus t  1976,  and  were c o n d u c t e d  i n  e s s e n t i a l l y  
two series. The f i r s t  series (Table  19) w a s  conducted a t  t u r b i n e   s p e e d s  up 
t o  2200 rad /s   (21 ,000  rpm) and U/Co range  f rom  0.16  to   0 .39.   This  test series 
w a s  i n t e r r u p t e d  when a sudden change i n  t h e  r o t o r  t o r q u e  c h a r a c t e r i s t i c s  w a s  
observed. The t u r b i n e  w a s  removed  from t h e  test s t a n d  d i s a s s e m b l e d  f o r  i n s p e c -  
t i o n .  It  w a s  f o u n d  t h a t  t h e  slave t h r u s t  b e a r i n g  o n  t h e  t u r b i n e  s i d e  o f  t h e  
r o t o r  h a d  f a i l e d .  The f a i l u r e  w a s  d iagnosed  as o r i g i n a t i n g  i n  t h e  p h e n o l i c  
c a g e   f r o m   t h r e e   p o t e n t i a l   c a u s e s :  (1.) i n s u f f i c i e n t   l u b r i c i t y   o f   t h e   F r e o n  
1 3  c o o l a n t  u s e d ,  ( 2 )  r e s i d u a l  stresses i n  t h e  c a g e  f r o m  f l a i r i n g  t h e  e n d s  o f  
t h e  t u b u l a r  rivets, (3) c o r r o s i o n  o f  t h e  races and b a l l  due t o  water conden- 
sa t ion  be tween  tests. 
The t u r b i n e  w a s  r e b u i l t ,  u s i n g  a t h r u s t  b e a r i n g  w i t h  s o l i d  c a g e  rivets, and 
t e s t i n g  w a s  resumed with o i l  as t h e  b e a r i n g  l u b r i c a t i n g  f l u i d  i n s t e a d  o f  
Freon. No fu r the r   mechan ica l   p rob lems  were encountered .  
T e s t i n g  w a s  conc luded  by  ob ta in ing  the  r equ i r ed  da ta  po in t s  a t  t h e  h i g h e r  
v e l o c i t y   r a t i o s   ( T a b l e   2 0 ) .   T h e s e  tests were per formed  pr imar i ly  a t  r o t o r  
speeds  of 2100 and  2600  rad/s  (20,000  and  25,000  rpm). Two d a t a  p o i n t s  a t  
low-ve loc i ty  r a t io s  wh ich  were covered  dur ing  earlier tests were r e p e a t e d  
t o  v a l i d a t e  t h e  c o n t i n u i t y  o f  t h e  d a t a .  The r e p e a t e d  p o i n t s  f e l l  w i t h i n  t h e  
band  of   expected  data  scatter. Analys is   o f  test d a t a  shows p r e d i c t e d  t u r b i n e  
performance w a s  a c h i e v e d  t h r o u g h  t h e  f u l l  r a n g e  o f  test v e l o c i t y  r a t i o s .  
Tests 006 through 014 were conducted  dur ing  the  second test p h a s e  f o r  v e l o c i t y  
r a t io s  r ang ing  f rom 0 .197  to  0 .552 ,  and  speeds  f rom 2110 t o  2640 rad /s  (19 ,220  
t o  25,247  rpm).  Three tests were made a t  v e l o c i t y  r a t i o s  (U/Co (T-T) = 0.197, 
0 .227 ,  0 .311)  equ iva len t  t o  those  run  du r ing  the  f i r s t -phase  tu rb ine  tests 
001 through 005;  turbine performance w a s  r e p e a t e d  as shown  by t h e  v e l o c i t y  
r a t i o / t u r b i n e  e f f i c i e n c y  d a t a  p l o t  i n  F i g .  138. T u r b i n e  e f f i c i e n c i e s  were 
ca l cu la t ed  wi th  deve loped  ho r sepowers  ca l cu lca t ed  wi th  Lebow torquemeter  
d a t a ,  a n d  i s e n t r o p i c  a v a i l a b l e  e n e r g y  a n d  GN2 working  f lu id  mass- f low ca lcu la ted  
a t  t h e  r e s p e c t i v e  o p e r a t i n g  p o i n t s .  T u r b i n e  e f f i c i e n c i e s  were a l s o  c a l c u l a t e d  
u s i n g  a n  a l t e r n a t e  method which used measured t o t a l  t e m p e r a t u r e  d r o p  (AT(T-T) 
a c r o s s  t h e  t u r b i n e ;  good  ag reemen t  ex i s t s  be tween  tu rb ine  e f f i c i ency  da ta  
c a l c u l a t e d  w i t h  Lebow to rque  da ta  and  measu red  tu rb ine  t empera tu re  d rop .  
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Figure  134. Mark 48-F T u r b i n e   C a l i b r a t i o n  Test Se tup  
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Figure 136. Small,  High-pressure  Turbine  Calibration 
Installation  (View A) 
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i 
004 
00 5 
" _____ 
Run 
5 1  ice 
1 
I 
3 
4 .  
5 
6 
I 
2 
3 
4 
5 
I 
I 
2 
3 
4 
-
- 
Hun 
SI ice 
I 
I 
3 
4 
5 
6 
I 
2 
3 
4 
5 
1 
I 
2 
3 
4 
-
- 
~~~ 
Run - 
Date 
8-1  1-75 
3-12-75 
~ 
5- 13-75 
6-15-75 
8-22-75 
Date 
Run 
8-11-75 
8- 12- 75 
I 
r 
8- i 3-:75 
8- 15-75 
8-22-75 
larometric 
Pressure, - H9 
760.9 
7 6 3 3  
763 i3  
764.8 
764.8 
763. a 
763.8 
763.8 
761.7 
761.7 
761.7 
761.7 
'TABLE 19. MARK 48-F TEST DATA FRO1 
Barometric 
Pressure. 
in.  Hg 
29.96 
30.06 
30.05 
30. I I 
30.1 I 
30.07 
30.07 
30.07 
30. I 
29.99 
29.99 
29 -99 
29 99 
Sonic Flow 
In le t  Tota l  
Nozz 1 e 
remperature, 
K .  -~ ~ 
256.1 
255.5. 
259.2 
259-0 
256.7 
257.2 
.L 
.L 
* 
.A 
253.6 
249.7 
243.3 
240.6 
238.9 
Sonic Flow 
Nozzle 
In le t  Tota l  
remperature, 
F 
1 . o  
0 
6.5 
6.2 
2 
3 
-3.5 
-10.5 
-22 
-27 
-30 
Sonic Flow 
Nozzle 
n l e t  S t a t i c  
Pressure. 
N/cm2 
54 ' 
34 - 
45 
43 
61 
68 
65  
80 
94 
103 
I 36 
90 
IO3 
1 IO 
1 IO 
109 
-~ 
Sonic Flow 
Nozzle 
I n l e t  S t a t i c  
Pressure. 
psia 
79 
49 
65  
63 
88 
98 
94 
I I6 
137 
149 
I97 
130 
150 
160 
160 
158 
Turbine 
In le t  Tota l  
remperature, 
K 
267.8 
265.6 
267.8 
268.2 
268.1 
268.9 . 
253-9 
253-9 
254.4 
254.4 
255.6 
266.9 
261. I 
257.8 
256.1 
255.0 
Turbine 
In le t  Tota l  
'emperature. 
F 
22 
18 
22 
22.8 
22.5 
24 
-3 
-3 
6 - 2  
-2 
0 
20.5 
IO 
4 
1 
- 1  
Turbine 
E x i t  S t a t i c  
Temperature, 
( T 2 ) .  K 
253.4 
247.2 
255.8 
255-0 
252.8 
257.8 
* 
* 
* 
* 
241.7 
244.4 
235.0 
232.2 
:xi t S t a t i c  
Turbine 
remperature 
0 2 ) .  F 
-3.8 
-15 
0.5 
- I  
-5 
4 
t 
t 
.,. 
-25 
-20 
-37 
-42 
LC 
Turb 
n l e t  . 
Press1 
N/cl -
- 
Turb 
n l e t  
Press 
ps i 
. 13 
9 
14 
13 
19 
24 
18 
44 
26 
36 
48 
23 
30 
33. 
33' 
33. 
-
- 
9 
6 
IO 
9 
13 
16 
12  
30 
18 
24 
33 
15 
21 
23 
21 
22 
"No temperature data recorded. 
. .. 
. ,  ).' 
:: ., . . . .  . .  
. .  
IATA FROM WYLE LABORATORIES, EL SEGUNDO, CALIFO@?M 
I U N I T S  
Turbine 
I n l e t  S t a t i c  
Pressure. 
N/cd 
.. ... I. 
,, 8c- . ' ;y> 
60. . 
100 " ' 
.. . . 
I -  
90 
I 30 * -. .. 
163 
I25 
165 
181 
246 
330 
I59 
204 
220 
220 
220 
- 
. .. : r ) .  
, .  
lrbine 
:ad/s . 
peed. 
-
j.94  7 , i, 
i 178. 
'I 047 
1035 
1381 
I I61 
I698 
1576 
1763 
I586 
1633 
1995 
I773 
1978 
2153 
2199 
I 
Turblne 
n l e t  T o t a l  
Pressure. 
N/cm2 
. 94 
62 
' 103 
93 
134 
I68 
126 
304 
182 
248 
334 
159 
212 
23 I 
228 
229 
. .  . 
~ 
a t i c  
.ure,  
K 
l e  
- 
t 
! 
1 
1 
8 
1 
7 
4 
I 
2 
- 
Turbine 
Manifold 
' I n l e t  
'ressure, 
N/crnZ 
"" . 
9 
59 ' 
98 
87 
I26 
162 
I24 
I63 
179 
245 
332 
I60 
193 
214 
210 
210 
L .  
Ah 
J/kg 
. Turblne 
Ex1 t Total 
Pressure, 
N/cm2 
55 
. 34. . 
76 
64 
92 
130 
82 
118 
i 26 
195 
270 
97 
123 
139 
132 
I32 
Turbine '' 
E x i t  S t a t l c  
Pressure, 
N/cm2 
. 55 ' 
~~ 
36 
76 
63 
92 
130 
81 
1 I7 
125 
195 
269 
97 
120 
142 
137 
137 
nt 
u/co 
R 
3.53 
5. I I 
. 5.07 
3.14 
2.61 
2.77 
-
.. . 
furb I ne 
rorque 
N m  
:;I823 
11.3 ' 
10.2 
11.1 
12.5 
12.4 
14.1 
14.2 
13.9 
13.6 
14.0 
23.2 
21.1 
20.3 
19.8 
u/c 
OR 
0-7) 
o:I6$ 
0 :  205 
0.246 
0.225 
0 * 293 
0.289 
0.316 
0.362 
0.382 
0.391 
K 
14.3 
18; 3 
11.9 
13.2 
15.3 
FI.1 
0.047 
0.054 
0.030 
0.034 
0.036 
0.026 
0.060 
0.051 
0.049 
0.052 
0.051 
- 
25.3 
16.7 
22.8 
23.9 
2.49 
2.17 
2.01 
"'I .98 
I S H  U N I T !  
Turbine 
I n l e t  S t a t i c  
Pressure, 
PS i g  
" 125, 
! 87 
I45 
130 :,. 
188 
237 
i 182 
239 
263 
357 
479 
230 
296 
,320 
3 20 
3 20 
Turbine 
Manifold 
I n l e t  
'ressure. 
PS i g  
13. I 
85 
142 
I26 
183 
235 
180 
237 
260 
356 
482 
232 
280 
310 
305 
305 
l e  
a t i c  
ture 
F 
Inlet  Total  
Turbine 
Pressure, 
PS ig  
Exit  Total  
Turbine 
Pressure, 
PS ig  
80 
50 
I10 
93 
134 
189 
1 I9 
171 
183 
283 
391 
I40 
1 78 
20 1 
191 
191 
E x i t  S t a t i c  
Turbine 
Pressure, 
PS ig  
79 :5 
52  
I10 
91 
133 
189 
1  1 7- 
169 
182 
283 
390 
I40 
174 
206 
198 
I 98 
nt 
u/c 
OR 
Turbine 
Torque, 
in. - lb 
111 
1 IO 
125 
126 
123 
. I20 
124 
205 
187 
180 
175 
T 
C 
1 
! 
i 
I 1   I 2 1I 
n t  
(T-T) 
3.5258 
5.1  I26 
5.0748 
3.  I439 
2.6075 
2.7665 
2.4906 
2.1697 
2.0134 
1 .9790 
0. I648 
0.2052 
0.2460 
0.2251 
0.2925 
0.2886 
D.3163 
D.3619 
D.3818 
D .  3908 
0.5815 
0.6387 
0.7564' 
0 -  7077 
0.7627 
0.7984 
-4 
0.7878 
0.7852 
0.7687 
0.7734 
i 
! 
I 
I 
I 
45.5 i 15.711 
13.329 
12.6631 
13.488 
13.421 
,888 
,000 . .. 
195 
Son I c 
Flow 
Nozzle 
I n l e t  
To ta  1 
Temperature, 
K 
Sonlc 
Nozzle 
Flow -.. 
I n l e t  
Stat  I C  
Pressu e,- 
N/cm 5 
Turbine 
I n l e t  
Manifold 
Pressure 
N/cm 
159 
138 
83 
203 
345 
274 
28 3 
283 
455 
33 1 
337 
427 
(Stat lg)  , 
- 
Turblne 
I n l e t  
Tota l  
:.Temperature, 
. . K  
Turbine 
Ex1 t 
Tota l  
Temperature, 
K 
247 
245 
253 
239 
254 
249 
248 
248 
252 
250 
24 1 
24 1 
..- .~ 
Turblne . 
Ex1 t 
Total  . 
Pressure, 
N/cm2 . '  
110 
100 
56 
I I 4  
234 
174 
193 
I93 
338 C 
243 C 
214 C 
Barometric 
Pressure, 
.' IIIITI Hg 
761 .O 
761.0 
761 .O 
762.5 
761 .O 
761 .O 
761 .O 
761 .O 
759.5 
759.5 
762.0 
756.9 
Test 
Test - Date 
S l i ce  1975 
2 11 /11  
1 11 /11  
1 11/11 
2 11/12 
1 11112 
2 11/12 
1 11/13 
2 11/13 
2 11/13 
3  11/13 
1 11/14 
1 11/17 
Test 
-NO. 
006 
007 
 
- .  ~
008 
009 
o i  o 
0.1 1 
01 2 
D l  3 
01 4 
252 
248 
255 
247 
258 
253 
253 
252 
253 
251 
243 
242 
65 
83 
48 
I12 
172 
145 
148 
148 
224 
163 
176 
228 
.. . 
268' 
261 
268 
27 1 
'_. 276 
275 
27 I 
271 
269 
267 
262 
258 
0 *Lebow Torquemeter data 
e Working f l u l d :  CN2 
0 C - (Pressure  Static,  Test) + (Pressure DynamIc, Calculated) 
(ENGLISH  UNITS) 
 " 
Barometric 
Pressure, 
. in. Hg 
29.96 
29.. ?!. 
..:,.29.96: ', 
30.02 
.,; 29.96 
,29.96 
29.97 
29.97 
29 90 
29 90 
30.00 
29.80 
~. ~~ 
Son I c  
Flow 
Nozzle 
I n l e t  
To ta  1 
Tempera t u  re, 
- F .  
- 6.0 
. .  .-13.0 
* O  
" -16.0 
5.0 - 4.0 
- 5.0 - 6.0 
- 4.0 - 9.0 
-23.0 , 
-23 * 5 
Turbine 
I n l e t  
Manifold 
Pressure 
(S ta t i c ) ,  
PS i g  
230 
200 
120 
295 
500 
398"" 
410 
410 
660 
480 
490 
620 
Turbine 
I n l e t  
Tota l  
Temperature, 
F 
Turb I ne 
Ex1 t 
To t a  1 
Temperature, 
F 
-14.5 
.-19.0 
- 4.0 
-30.0 
2.0 
-12.0 
-14.0 
-14.0 
- 6.0 
-10.0 
-26.5 
-26.0 
. .  
Turbine 
Ex1 t 
Tota 1 
Pressure, 
PS lg 
160 
145 
82 
165 
340 
252 
280 
491 C 
280 
353-2 C 
310 C 
450 C 
Turbine 
E x i t  
S t a t i c  
Pressure, 
PS i g  
150 
135 
75 
165 
340 
240 
275 
275 
485 
350 
305 
440 
Test 
Date 
1975 
11/11 
I 1 j,11:, 
1'1 /1 lr  
tlill 
11/12 
1 1 / 1 2  
11/13 
11/13 
11/13 
11/13 
11/14 
11/17 
Test 
S1 i c e  
Test 
No. 
.' ' 006. 
-008 
009 
010 
007 
01 1 
01 2 
01 3 
01 4 
e * I  
0 1  
. .  
, 22.0 
' 9.0 
' .  22.0 
27.5 
37.0 
34.5 
28.0 
27.0 
24.0 
21 .o 
11.0 
4.0 
19 6 
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(SI  UNITS) 
 
I rb  lne 
i n l e t  
~ n l f o l d  
'essure 
; ta t ls ) ,  
N/cm . .  
159 
138 
83 
203 
345 
274 
283 
283 
455 
33 1 
337 
Turblne 
Ex1 t 
Tota l  
Pressure, 
N/cm* 
1 IO 
100 
56 
1 I4 
234 
174 
193 
193 
338 C 
243 C 
214 C 
427 310 C 
Turblne 
Ex1 t 
S t a t i c  
Pressure, 
NE cm.._. 2 
. 103 
93 
52. 
114 
234 
165 
190 
190 
334 
24 1 
210 
303 
1 14.0 
20:1 
14.4 
29.4 
23.4 
23.1 
25.4 
25.4 
26.0 
23 .O 
22.6 
Turblne 
Speed 
' (Nt )  9 
rad/s 
201 2 
1081 
1004 
1990 
2529 
2592 
2077 
2092 
2264 
I979 
2491 
2643 
Turblne 
Temperature 
Dro  Isentropic (ATP En tha 1 py 
(Total- to-  
J/kg K .  
(Ahs ,Tots 1 .) , 
. Drop 
276 
0.037 27 1 
0.042 . 
0.048 .277 
0.067  287 
0.042 270 
28 I 0.055 
279 0.046 
278 0.046 
272 0.036 
273 0.037 
276 
272 0.037 
- 
Veloc i ty  
( re  TU 827) 
hy, 
(T-T) 
0.227 
0.197 
0.31 1 
0.467 
0.445 
0.390 
0.394 
0.481 
0.414 
0.552 
-7 
- 
80.9 
81.6 
77.8 
78.4 
Turbine 
Ef f ic iency 
(nt 1 
(T-T) .. . 
?. . 
. .  
70.8 
66.3 
79.1 
76.8 
78.7 
I I 
I 
ENGLISH UNITS) 1; 
Turbine 
Temperature 
Drop 
(AT) 
(Total- to-  
Total) ,  
R 
36.5 
28.0 
26.0 
57.5 
39.0 
46.5 
42.0 
41 .O 
30.0 
31 .O 
37.5 
30.0 
I sen t rop i c  
Enthalpy 
Drop 
(Ah,) , 
Btu / l b  
..10.99 
9.59 
11.00 
17.40 
12.42 
14.38 
12.01 
11.99 
9.39 
9.67 
9.71 
Veloci ty 
Rat i o  
(u, co) 
( re TU 827) 
(T-TI 
0.227 
0.197 
0.31 1 
0.467 
0.445 . 
0.394 
0.481 
0.414 
0.390 
0.552 
Turbine 
E f f i c i ency  
(nt  1 
(T-T) 
70.8 
66.3 
79.1 
76.8 
78.7 
81.6 
80.9 
77.8 
78.4 
PERFORMANCE 
TEST 14-1 
/ 
0.9 
0.8 - 
0.7 - 
0 . 6  - 
0.5 - 
0.4  - 
0 . 3  - 
0.2  - 
0 TESTS 006 THROUGH 014, NOVEMBER 1975 
TESTS 001 THROUGH 005, AUGUST 1975 
AOoOoO TURBINE  TEST  DATA, 
0.1 - 
0 I I i I I 
TWO REACTION STAGES 
0 0.1 0.2 0.3 0.4 0.5 0 . 6  
VELOCITY RATIO, U/C T-T 
OR 
F i g u r e 1 3 8 .  Mark 48-F Turbine Performance 
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A comparison of the  measured  per formance  of the t u r b i n e  w i t h  p r e d i c t e d  v a l u e s  
a t  t h e  d e s i g n  v e l o c i t y  r a t i o  of 0 .34 ,  t he  measu red  e f f i c i ency  w a s  79%, 4 per-  
c e n t a g e  p o i n t s  h i g h e r  t h a n  p r e d i c t e d .  
Turbopump T e s t i n g  
T e s t  Discuss ion .  The f a c i l i t y ,   p r o c e d u r e s ,   a n d   i n s t r u m e n t a t i o n   u s e d   i n   t e s t i n g  
t h e  Mark 48-F turbopump are d e s c r i b e d  i n  t h e  f o l l o w i n g .  
, shows t h a t ,   i n   g e n e r a l ,   t h e   p r e d i c t e d   p e r f o r m a n c e  w a s  e x c e e d e d .   S p e c i f i c a l l y ,  
F a c i l i t y .  T e s t i n g  o f  t h e  Mark  48-F turbopump w a s  conducted  on Lima S tand  
i n  Rocketdyne 's  Propuls ion Research Area a t  the  San ta  Susana  F ie ld  Labora to ry .  
Schematics  o f  t h e  f a c i l i t y  f o r  t e s t i n g  w i t h  a m b i e n t - t e m p e r a t u r e  GH2 as t h e  
t u r b i n e  p r o p e l l a n t ,  a n d  w i t h  a h o t - f i r i n g  g a s  g e n e r a t o r  are i n c l u d e d  i n  F i g .  
139 and 140 ,  r e s p e c t i v e l y .  
Countdown Summary. P rocedures   fo r   conduc t ing   spec i f i c   p rog ram  t a sks   fo r  
a n  i n d i v i d u a l  tes t  have   been   deve loped   fo r   t he  L i m a  tes t  f a c i l i t y .  The pro- 
cedures  are mon i to red  con t inuous ly  du r ing  the  tes t  program, and revised when 
n e c e s s a r y   t o   a c h i e v e  a h i g h l y  r e l i a b l e  test  f a c i l i t y   o p e r a t i o n a l   s y s t e m .  The 
procedures and countdown are d iv ided  be tween manual  and  au tomat ic  opera t ions .  
G e n e r a l l y ,  t h e  p r e t e s t  p r o c e d u r e s  are con t ro l l ed  manua l ly  , w h i l e  t h e  a c t u a l  
test  i s  con t ro l l ed   au tomat i ca l ly .   Tab le  2 1  below l is ts  t h o s e   p r e t e s t   o p e r a -  
t i o n a l   p r o c e d u r e s   u t i l i z e d   d u r i n g   t h e   t e s t i n g  of t h e  LH2 turbopump.  AppendixC 
p r e s e n t s  t h e  Test Cont ro l  Logic  Block  Diagram used  dur ing  the  GH2 t u r b i n e  
d r i v e  t e s t i n g  of t h e  LH2 turbopump. A r ev iew  o f   t he   l og ic   d i ag ram reveals 
some ins t ances  o f  manua l  ove r r ide  ope ra t ions .  
T e s t i n g  o f  t h e  LH2 turbopump w a s  accompl i shed  pe r  t he  e s t ab l i shed  p rocedures  
a n d   c o n t r o l   l o g i c   s y s t e m   w i t h o u t   i n c i d e n t .  A s  t h e  tes t  series p r o g r e s s e d ,   t h e  
p r o f i c i e n c y  o f  t h e  test countdown increased as a f u n c t i o n  o f  t h e  i n d i v i d u a l  
s y s t e m s   c h a r a c t e r i z a t i o n s .  
I n   t h e  case of   the   tu rbopump  ch i l l -  TABLE 2 1 .  LII2 TURBOPUMP TEST PROCEDURES 
down a n d  t h r o t t l e  v a l v e  s e t t i n g ,  
p r e c i s e  c o n t r o l  o f  t h e s e  f u n c t i o n s  
- 
LIST LIMA STAND - ROCKETDYNE PRA 
w a s  p o s s i b l e  t h r o u g h  d i r e c t  t es t  
e x p e r i e n c e ,  a n d  p r o v e d  t o  b e  q u i t e  
r e p e a t a b l e ,  t e s t  t o  test .  I n   t h e  I 1 .  Pretest S e t u p  
case of  the  turbopump  chil ldown, 
i t  was o b s e r v e d  t h a t  good q u a l i t y  
1 2.  Test Data S h e e t  
LH? p r o p e l l a n t   i n l e t   c o n d i t i o n s  I 3 .  Sequence Test S a f e t y  C i rcu i t  Checks 
( 2 5  K ,  45 R )  was ob ta ined  a t  
(21 X/cm2) (30-psig)   tank 
pressure  and  by modula t ing  the  5. Test Conductors Coun tdown  
4.  LH2 Turbopump Drying Procedure 
turbopump LH2 f l o w  w i t h  t h e  
o u t l e t   t h r o t t l e   v a l v e .   I n  
t h e  case of t h e  t e s t  t h r o t t l e  
6 .  C r i t i c a l   P a r a m e t e r   V e r i f i c a t i o n s  
7. Comparator S e t u p  S h e e t  
v a l v e  p o s i t i o n ,  t h e  p r e t e s t  
GI12 blowdown tes t s  which 
c h a r a c t e r i z e d   t h e   t h r o t t l e  
va lve  and  GH2 s p i n  v a l v e  
8. Sequence  Times S e t u p  S h e e t  
~~~ 
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n 
LH2 
TANK 
15,000 
GALLONS 
100 PSI  
VENT 
STACK 
t LH2 THROTTLE 
VALVE 
LH2 T/P OUTLET 
BLEED  VALVE 
VENTURI 
602. SCF 
5000 PSI 
REG 
VENTURI 
GH2 SPIN 
VALVE 
INJECTOR 
REPLACEMENT 
F I XTURE 
GG BODY 
Figure 139. Gaseous Hydrogen  Turbine  Drive 
EXHA' 
STAl 
- 
UST 
CK 
I 
0 
N 
0 
VENT 
STACK 
LH2 T/P  OUTLET 
BLEED VALVE 
GC FUEL 
220 GAL. 
VALVE 
TMFV 
GH2 SUPPLY 
602 SCF 133 GAL. 
"I I 
R E G F )  
I I VALVE 
I 4, FV 
HLV 
CC ASSEMBLY * 
- 
LH2 T / P  INLET BLEED  VALVE 
Figure  140.  Gas Generator Turb ine  Drive 
opera t ions  p roved  to  be  an  asset i n  t h e  p r e l i m i n a r y  s e t t i n g s  o f  t h e  t h r o t t l e  
valve to  ma in ta in  t a rge ted  head- f low va lues .  
The coun tdown ,  ope ra t iona l ,  and  con t ro l  func t ions  o f  t he  test program were w e l l  
def ined ,  meet ing ,  i n  all r e s p e c t s ,  t h e  r e q u i r e m e n t s  set  f o r t h  i n  t h e  test p lan .  
F igure  141  is an abbreviated countdown summary a p p l i c a b l e  f o r  t h e  t e s t i n g  o f  
t h e  Mark 48-F LH2 turbopump. 
- LH2 Turbopump Chil ldown  Resul ts .  The LH2 turbopump  chil ldown  procedures 
fo l lowed  the   normal   p re tes t   countdown  opera t ions .  The c h i l l  p r o c e d u r e s  r e q u i r e d  
a f a c i l i t y  l i n e  p r e c h i l l  f r o m  t h e  LH2 o f f - s t and  s to rage  t ank  to  the  tu rbopump 
i n l e t  l ine  p r e v a l v e  p r i o r  t o  i n t r o d u c i n g  LH2 i n t o  t h e  turbopump. The m a j o r i t y  
of the f a c i l i t y  l ine  w a s  vacuum j a c k e t e d  ( - 2 / 3  t o t a l  l e n g t h ) ,  while the re- 
m a i n i n g  s e c t i o n  w a s  foam  and t ape  in su la t ed .  Wi th  the  LH2 o f f - s t and  tank 
p r e s s u r i z e d  t o  a b o u t  2 1  N/cm2 (30 p s i g ) ,  a LH2 r u n  l i n e  t e m p e r a t u r e  ( b l e e d  
flow upstream of the turbopump inlet:  valve) of  about  33 K (-400 F) r e q u i r e d  
about 30 minutes  of countdown time. When t h e  f a c i l i t y  l i n e  w a s  p r e c h i l l e d  t o  
33 K a t  2 1  N/cm2 (-400 and 300 ps ig )  , t h e  t u r b o p u m p  o u t l e t  t h r o t t l e  valve w a s  
opened t o  a b o u t  l o%,  t h e n  t h e  turbopump i n l e t  v a l v e  w a s  opened. LH2 flow 
through the turbopump as w e l l  as turbopump  speed w a s  c o n t r o l l e d  by t h e  o u t l e t  
t h r o t t l e  v a l v e  u n t i l  t h e  r e q u i r e d  LH2 p r o p e l l a n t  q u a l i t y  o f  25 K a t  2 1  N/cm2 
(45  R a t  30 p s i g )  w a s  ach ieved .  The  turbopump c h i l l   o p e r a t i o n   r e q u i r e d   a b o u t  
an   addi t iona l   countdown t i m e  of  approximately 30 minutes .   Tota l   ch i l ldown 
t i m e  f o r  t h e  LH2 s y s t e m  w a s  about  1 hour  of  countdown t i m e .  As t h e  t e s t i n g  
con t inued ,  t he  ch i l l down  t echn iques  w e r e  improved  un t i l  a t o t a l  c h i l l d o w n  ’ 
time of only   about  20 t o  30 minutes was r e q u i r e d .   B a s i c a l l y ,   t h e   f a c i l i t y  
l i n e  p r e c h i l l  o p e r a t i o n  was e l i m i n a t e d ,  s i n c e  i t  w a s  found tha t  adequate  
c h i l l d o w n  c o n t r o l  c o u l d  b e  a c h i e v e d  w i t h  t h e  t u r b o p u m p  o u t l e t  t h r o t t l e  valve 
a n d ,  i n  a d d i t i o n ,  a cons ide rab le  volume  of LH2 was s a v e d  i n  t h e  p r o c e s s .  
( i . e . ,  F o r  t h e  f i r s t  t e s t ,  approximately 26.5 m3 (7000 ga l lons )  o f  LH2 were 
r e q u i r e d ,  w h i l e  d u r i n g  t h e  l a t t e r  t e s t s  a t o t a l  o f  a b o u t  3 . 8  m3 (1000 g a l l o n s )  
p e r  test were r e q u i r e d . )  D u r i n g  t h e  e n t i r e  test program,   acceptab le  LH2 i n l e t  
q u a l i t y  w a s  a c h i e v e d  f o r  e a c h  test  t o  meet t h e  turbopump n e t  p o s i t i v e  s u c t i o n  
e head  requi rements .  
Ins t rumenta t ion   and   Redl iner .  A l l  pres su res ,   t empera tu res ,   and   f l ow 
measurements were recorded  on  tape  by  means  of t h e  Beckman  Model  210 Data 
Acquis i t ion   and   Record ing  Sys tem.  This sys tem  acqui res   ana log   da ta   f rom 
t h e  t r a n s d u c e r s ,  a n d  c o n v e r t s  t h e  d a t a  t o  d i g i t a l  f o r m  i n  b i n a r y - c o d e d  
decimal   format .  The l a t te r  is  recorded  on  tapes  which are t h e n   u s e d   f o r  
computer  processing.  
Table  2 2  p r e s e n t s  t h e  i n s t r u m e n t a t i o n  r e c b r d e d  d u r i n g  t h e  Mark 48-F turbo-  
pump t e s t i n g .   F i g u r e  142 i s  a c ross - sec t iona l   s chemat i c  of t h e  LH2 turbopump 
as sembly  showing  . t he  tu rbopump pa rame te r s  i den t i f i ca t ion  a s soc ia t ed  wi th  the  
p a r t i c u l a r  c a v i t y  l o c a t i o n .  Not l i s t e d ,   h o w e v e r ,  is t h e   h i g h - s p e e d   i n s t r u -  
menta t ion  wh5ch w a s  recorded on FM tape fo r  h igh - speed  ana lys i s  o f  t he  tu rbo-  
pump rotordynamics.   Included i n  t h e  FM i n s t r u m e n t a t i o n  were Ben t ly  t r ansduce r s  
f o r  turbopump s h a f t  movement dynamics  and t r i a x i a l  a c c e l e r o m e t e r s  f o r  o v e r a l l  
turbopump g-level  determinat ion.  
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TABLE 2 2 .  ADVANCED SPACE ENGINE MARK 48-F HYDROGEN TURBOPUMP TEST INSTRUMENTATION 
Parameter (51 Units) 
Range 
- 
I 
Turbine  Discharge  Temperature ' 1366 K 
Turb ine   In l t  Temperature No. 2 I366 K 
Turbine  B aring  Coolant Temperature I 2 0 K  
Pump Bearing  Coolant Temperature I 2 0 K  
NAN Power Supply I -  
L I M  Power  Suppi:' 
Temperature Reference Junction 
LH  Pump I n l e t  Temperature No. I 
LH Pump I n l e t  Temperature No. 2 
LH  Pump I n l e t  Run Line Temperature 
LH Pump Discharge Temperature No. i 
LH  Pump Discharge  Temperature No. 2 
CH Venturi Temperature No. I 
GH Venturi Temperature No. 2 
GH Venturi   Dif ferential  Pressure No. I 
CH Venturi   Dif ferential  Pressure No. 2 
GH2 Spin  Valve  Position 
Spin  Servo Command 
LH2  Pump Thro t t l e  Valve Posi t ion 
GH Venturi   Oifferential  Pressure No. I 
GH Regulator Ups.tream Pressure 
Pump Discharge  Venturi  Throat  Pressure 
Low-Pressure LH2  Tank Pressure 
Turbine I n l e t  S t a t i c  Pressure 
Turbine Manifold Pressure 
Faci I i t y  Exhaust Duct Pressure 
Turb ine Stat ic  Discharge  Pressure 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
241  N/crn2 
207  N/cm2 
348 N/cm2 
3480 N/cmZ 
3480 N/cmZ 
138 N/cm2 
3480 N/cm2 
3480 N/cm2 
348 N/cm2 
3480 N/cm2 
(English Units) 
Range 
2000 F 
2000 F 
- 4 2 5  F 
-425 F 
8.0 nv 
8.0 nv 
8.0 nw 
8.0 nv 
8.0 nv 
16.0 IC 
16.0 IC 
350 psi  
300 ps i  
500 ps i  
5000 ps i  
5000 psi  
200 ps i  
5000 p s i  
5000 ps i  
500 psi  
5000 ps i  
, 
Parameter 
CH Venturi Upstream Pressure No. I 
GH Venturi  Throat  Pressure 
Spin Valve Servo Control Pressure 
Turbine Seal Pressure 
First-Stage Nozzle  Pressure 
Turbine  Total  Discharge  Pressure 
Turbine Inlet Total Pressure 
Fi rst-Stage Crossover Discharge Pressure 
CH Spin  Line  Pressure 
Third-Stage  Impeller  Discharge  Pressure 
CH Regulator  Outlet  Pressure 
Balance Piston Sump Pressure 
LH  Pump Venturi Upstream Pressure 
LH Pump Discharge  Pressure 
Hydraul ic Supply Pressure 
First-Stage  Impeller  Discharge  Pressure 
First-Stage Crossover I n l e t  Pressure 
First-Stage Crossover Mid-Pressure 
Second-Stage Impeller Front Shroud 
Second-Stage D i  Ffuser Discharge Pressure 
Balance Piston Cavity Pressure 
LH2  Pump I n l e t  Pressure No. 1 
LH  Pump I n l e t  Pressure No. 2 
LH  Pump Out le t   Thro t t le  Valve  Pressure 
Throt t le Valve Servo Control Pressure 
Pump Speed 
2 
2 
2 
2 
2 
2 
2 
2 
(SI Units) 
Range 
3480 N/cm2 
3480 N/cm2 
3480 N/cm2 
3480 N/cm2 
3480 N/cm2 
3480 N/cm2 
3480 N/cm2 
1380 N/cm2 
3480 N/cm2 
3480 N/cm2 
3480 N/cm2 
3480 N/crn2 
3480 N/cm2 
3480 N/cm2 
2068 Y/cm2 
I380 N/cm2 
1380 N/cm2 
1380 N/cm2 
3480 N/cm2 
3480 N/cm2 
3480 N/cm2 
69 
241 N/cm2 
3480 N/cm2 
3480 Nlcrn2 
12,560 rad ls  
(English Units) 
Range 
5000 p s i  
5000 p s i  
5000 ps i  
5000 p s i  
5000 ps i  
5000 ps i  
5000 ps l  
2000 ps i  
5000 ps i  
5000 p s i  
5000 ps i  
5000 PSI 
5000 ps i  
5000 ps i  
3000 p s i  
2000 p s i  
2000 p s i  
2000 ps i  
5000 p s i  
5000 psi 
5000 ps i  
100 p s i  
350 p s i  
5000 ps i  
5000 PSI 
120,000  rpm 
w 
0 
W 
1 s t  STAGE  CROSSOVER 
I H L E T   P R E S S U R E  
-\ 
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SUMP  RESSURE 
1 s t  
Is 
D l  
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NOZZLE  PRESSURE 
STAGE  CROSSOVER 
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, t  STAGE  CROSSOVER  BALANCE  PISTON 
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T U R B I N E  - OUTLET 
T U R B I N E  
, MAN I FOLD 
Figure  1 4 2 .  LH2 Turbopump 
D u r i n g  t h e  t e s t i n g ,  r e d l i n e s  were a s s i g n e d  t o  certain key  parameters.  These 
r e d l i n e s  i n  some i n s t a n c e s  were a d j u s t e d  f o r  t h e  p a r t i c u l a r  turbopump speed 
r ange   be ing   eva lua ted .   Tab le s   23   t h rough  26 p r e s e n t   h o s e   r e d l i n e s   a p p l i -  
cable   for   turbopump  speeds  of   1990,   4710,   6280,   and  9947  rad/s   (19,000,   45,000,  
60,000, and  95,000  rpm),   respect ively.  
T e s t  D i scuss ion .  Tes t ing  o f  t he  Mark 48-F turbopump  assembly  began  on 31 March 
1976 a t  the  Rocketdyne  Propuls ion  Research Area (PRA). A t o t a l  o f  10  turbo- 
pump tests fo r  an  accumula t ed  run  du ra t ion  of 884 seconds were s a t i s f a c t o r i l y  
conducted on LH2 turbopump, S/N 01-0. Table  27  p r e s e n t s  a summary of   those 
tests conducted ,  whi le  a more d e t a i l e d  d i s c u s s i o n  o f  t h e  tests is  p resen ted  
be  low. 
Test No. 1 (016-001) 
T e s t  Date: 3-31-76 
Duration:  155  seconds 
O b j e c t i v e s :  1. Obtain LH2 tu rbopump  ch i l l down   cha rac t e r i s t i c s   w i th   t he   t u rbo -  
pump LH2 i n l e t  p r e s s u r i z e d  t o  2 1  N/cm2 (30 p s i a ) .  
2 .   Determine   the   in tegr i ty   o f   the   tu rbopump a t  the  idle-mode 
speed of 1990  rad/s  (19,000  rpm). Map the  head-flow  charac- 
t e r i s t i c s  by manual ly  adjust ing the turbopump speed and f low.  
E v a l u a t e  t h e  t u r b i n e  d i s c h a r g e  b a c k - p r e s s u r e  o r i f i c i n g .  
R e s u l t s  : Countdown proceeded  without  any  problems.  After  sequence s t a r t ,  
t h e  t u r b o p u m p  o u t l e t  t h r o t t l e  v a l v e  w a s  a d j u s t e d  t o  55% t o  e n s u r e  
a s a f e  pump o u t l e t  b a c k - p r e s s u r e  l e v e l  f o r  t h e  f i r s t  test .  The 
GH2 s p i n  v a l v e  w a s  s lowly opened manual ly  unt i l  a head rise and 
f low was i n d i c a t e d  on t h e  c o n t r o l l e r  o p e r a t o r ' s  X-Y p l o t t e r .  
The turbopump speed w a s  increased  manual ly  by f u r t h e r  o p e n i n g  
of  t h e  GH2 s p i n  v a l v e  w h i l e  a d j u s t i n g  t h e  t u r b o p u m p  o u t l e t  
t h r o t t l e   v a l v e   t o   o b t a i n   t h e   n o m i n a l   t a r g e t e d   c o n d i t i o n s .  The 
t es t  was te rmina ted  premature ly  due  to  a low indicated turbopump 
d i scha rge   p re s su re   fo r   t he   i nd ica t ed   speed   and   f l ow  va lves .  Tur- 
bopump shutdown was smooth,  with no i n d i c a t i o n  o f  errat ic  speed 
behav io r .  
A n a l y s i s :   P o s t t e s t   a n a l y s i s   r e v e a l e d   t h a t   h e   t u r b o p u m p   s h a f t   s p e e d   d a t a  
d i s p l a y  was i n  e r r o r  by a f a c t o r  o f  f o u r .  The a c t u a l  a v e r a g e  
speed w a s  determined by o s c i l l o s c o p e  t o  b e  a b o u t  5 2 3  r a d / s  
(5000 rpm),   corresponding  to   the  recorded  low  turbopump  out le t  
p r e s s u r e .  A maximum speed  of  1047  rad/s  (10,000 rpm) w a s  ach ieved  
( d i s p l a y  = 4190 r a d / s ,  (40 ,000 rpm),  but  w a s  reduced by c o n t r o l  
of t h e  GH2 s p i n   v a l v e   d u e   t o   t h e   e r r o n e o u s   s p e e d   d i s p l a y .  The 
cause  o f  t he  speed  d i sp lay  ma l func t ion  w a s  t r a c e d  t o  t h e  Anadex 
sys tem.   For   the   next  test ,  t h e  Anadex s y s t e m  w a s  a d j u s t e d  t o  
g i v e  t h e  c o r r e c t  s p e e d  i n d i c a t i o n .  
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TABLE 2-3. MARK 48-F TURBOPUMJ? REDLINES 
(1990 rad/s; 19,000. rpm) 
Parameter ( S I  Ur; i t;) 
Pump In le t   Tempera tu re  (No. I ) ,  K 
Pump I n l e t   P r e s s u r e  (No. 2) N/cm2 
Speed, rad /s  
Pump Bearing  Coolant  Temperature,  K 
Turb ine  Bear ing  Coolant   Temperature,  K 
Pump Discharge  Pressure ,  N/cm2 
Ba lance  P is ton   Cav i ty   Pressure ,  N/cm2 
Ben t l y   T ransducer   (Rad ia l ) ,  mm 
B e n t l y   T r a n s u d c e r   ( A x i a l ) ,  mm 
Accelerometer,  Pump ( R a d i a l " ) ,  g r m s  
Acce le rometer   (Ax ia l " ) ,  g  rms 
Accelerometer,   Turbine  (Radial : ' : ) ,  g  rms 
T u r b i n e   I n l e t   P r e s s u r e ,  N/crn2 
<:2000 Hz Low-Pass F i  1 t e r  
~. - - .- . . . . - - . . - - - . - . 
Automat ic  
25.6 (Inax) 
~ _ _ ~  ~- 
2722 
689 
20 
" 
B l u e l i n e :  52 (rnin) 
Red l i ne :  38 (min) 
2722 (max) 
AT = +6 d e g r e e s  a f t e r  
s t a b i l i z a t i o n  
AT = +6 d e g r e e s  a f t e r  
s t a b i l i z a t i o n  
69 < 'cav < 207 
0 .25  
0.25 
20 
20 
Tar-get Speed = 1989 I.ad/s 
Paramete r  (Eng l i sh  Un i t s )  "______ -.  - 
Pump In le t   Tempera tu re  (No. I ) ,  R 
Pump I n l e t   P r e s s u r e  (No. 2 ) ,   p s i g  
! 
I Speed,  rpm 
Pump Bearing  Coolant  Temperature,  R 
' Turbine  Bear ing  Coolant  Temperature,  R 
' Pump Discharge  Pressure,   ps ig  
Ba lance   P i s ton   Cav i t y   P ressu re ,   ps ig  
Ben t l y   T ransducer   (Rad ia l ) ,   i nch  
' B e n t l y   T r a n s d u c e r   ( A x i a l ) ,   i n c h  
Accelerometer,  Pump (Rad ia l " ) ,  g  rms 
, Accelerometer  (Axial?:) ,  g  rms 
~ Accelerometer,   Turbine  (Radial?:)  g  rms 
~ T u r b i n e   I n l e t   P r e s s u r e ,   p s i g  
__ . . - " . .- . -. . - -. . . - - . . .. - . - . . - . - " 
"2000 Hz Low-Pass F i l t e r  
Automat i c 
46 (rnax) 
26,000 
1000 
20 
" __ - . 
V isua l  
I B l u e l i n e :  75 (rnin) Red1 i n e :  55 (min) 
26,000  (max) 
AT = +IO d e g r e e s  a f t e r  
s t a b i  1 i z a t i o n  
- 
I 
I 
i 
! 
I 1 AT = +IO d e g r e e s  a f t e r  
I s t a b i  1 i z a t i o n  
I 
I 
I 
I 
! 
100 < Pcav < 300 
I 
I 
I 1 0.010 j 
I 
0.010 
20 ! 
20 ! I 
150 
-"" . "- " . "I I 
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TABLE 24. MARK 48-F TURBOPUMP REDLINES 
(4710 rad/s; 45,000 r p m )  
Parameter (SI  U n i t s )  
Pump In le t   Tempera tu re  (No. 11, K 
Pump I n l e t   P r e s s u r e  (No.  21, K 
Speed, rad/s  
Pump Bearing  Coolant  Temperature, K 
Turbine  Bear ing  Coolant  Temperature,  K 
Pump Discharge  Pressure,  N/cm2 
Ba lance P is ton  Cav i ty  Pressure  N/cmZ 
B e n t l y  T r a n s d u c e r  ( r a d i a l ) ,  mm 
B e n t l y  T r a n s d u c e r  ( A x i a l ) ,  mm 
Accelerometer,  Pump (Rad ia l " ) ,  g rms  
Accelerometer  (Axial; :) ,  g rms 
Accelerometer ,   Turb ine,  Radial;':,  g rms 
T u r b i n e   I n l e t   P r e s s u r e ,  N/cm2 
*2000 Hz Low-Pass F i l t e r  
Automat ic 
25.6 (max) 
10,160 
2068 
20 
V isua l  
B l u e l i n e :  52 (rnin) 
Redl ine:  38 (min) 
10,160 
AT = 6 degrees a f t e r  
s t a b i l i z a t i o n  
AT = 6 degrees a f t e r  
s t a b i l i z a t i o n  
207 < PC,, < 689 
0.25 
0.25 
20 
20 
517 (max) 
Target  Speed = 4712 rad/s  
Parameter   (Eng l ish   Un i ts )  
Pump In le t   Tempera tu re  (No. I ) ,  R 
Pump I n l e t   P r e s s u r e  (No. Z ) ,  p s i g  
Speed,  rpm 
Pump Bearing  Coolant  Temperature, R 
Turbine  Bear ing  Coolant  Temperature,  R 
Pump Discharge  Pressure,   ps ig  
Ba lance  P is ton  Cav i t y  P ressu re ,  ps ig  
Ben t l y   T ransducer   (Rad ia l ) ,   i nch  
B e n t l y   T r a n s d u c e r   ( A x i a l ) ,   i n c h  
Accelerometer,  Pump (Radial:';), g rms 
Acce le rometer ,   (Ax ia l " ) ,  g rms 
Accelerometer ,   Turb ine  (Radia l " ) ,  g rms 
T u r b i n e   I n l e t   P r e s s u r e ,   p s i g  
"- " - . . . . . - . . . " " . -. . " -. ." "" - . .  . . . 
"2000 Hz Low-?ass F i l t e r  
I Automat i c 46 (max) ~ " _ _ _  97,000 
3000 
20 
. - . "_ . - - - 
Visual  
i 1 Redl 
97,000 
AT = + 
s t a b i  1 
AT = + 
s t a b i  1 
ne: 55 (min) 
0 degrees a f t e r  
z a t   i o n  
0 degrees a f t e r  
z a t i o n  
300 < Pcav < 1000 
0.010 
0.010 
20 
20 
750 (rnax) 
Target  Speed = 45,000 rprn 
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TABLE 25. MARK 48-F TTJFGOPUMP REDLINES 
(62SO rad/s , 60,000 rpm) 
Parameter (SI Uni   ts )  
Pump I n l e t  Temperature (No. I ) ,  K 
Pump I n l e t   P r e s s u r e  (No. 2 ) ,  N/cm 2 
Speed, rad/s 
Pump Bearing  Coolant  Temperature, K 
Turbine  Bearing  Coolant  Temperature, K 
Pymp Discharge  Pressure, N/cm 2 
Balance  P is ton  Cavi ty   Pressure,  N/cm 
Bent ly   T ransducer   (Rad ia l ) ,  mm 
Bent ly   T ransducer   (Ax ia l ) ,  mm 
Accelerometer, Pump (Radial::), g rms 
Acce le rometer   (Ax ia l f i ) ,  g  rms 
Accelerometer,   Turbine (Radial.:;), g rms 
Tu rb ine   I n le t   P ressu re ,  N/cm2 
2 
"2000 Hz Low-Pass F i l t e r  
Automat ic 
25 (max) 
10,160 
3447 
20 
V isua l  
B l u e l i n e :  59 (min) 
Redl ine:  48 (min) 
IO, 160 (rnax) 
AT = +6 degrees a f t e r  
s t a b i l i z a t i o n  
AT = +6 degrees a f t e r  
s t a b i l i z a t i o n  
345 < Pcav < 1241 
0.25 
0.25 
20 
20 
1034 (rnax) 
Target Speed = 6282 rad/s 
Pump I n l e t   P r s s u r e  (No. 2 ) ,   p s i g 1 1 B l u e l i n e :  85 (min) 1 
1 Redl ine:  70 ( r n i n )  I 
Speed, rprn I 97,000  97,000 (max) 
Pump Bearing  Coolant  Temperature, R ! AT = + I  0 degrees  a f te r  1 I 
s t a b i  1 i z a t i o n  ! 
Turbine  Bearing  Coolant  Temperature, R AT = +IO degrees   a f te r  
i s t a b i  1 i z a t i o n  
Pump Discharge  Pressure,   ps ig  I 5000 
Balance  P is ton  Cavi ty   Pressure,   ps ig  i 500 < Pcav < 1800 I 
I 
Bently  Transducer  (Radial),   inch 
Bent ly   T ra sducer   (Ax ia l ) ,inch  ! j 0.010 
Accelerometer, Pump (Radial;':), g rms 20 
Acce le rometer ,   (Ax ia l ) ,  g rrns i 20 
Accelerometer,   Turbine,  (Radial") ,  
g rms 
Tu rb ine   I n le t   P ressu re ,  I 1500 (max) 
I 
I ~ 0.010 
I 
I 
I 2o i c ." " _ _  I ~ ...- ." . . . I . " .. - "2000 Hz Low-Pass F i l t e r   T a r g e t  Speed = 60,000 rpm 
. " . - - "- " 
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TABLE 2 6 .  MARK 48-F TURBOPUMP REDLINES 
(9947 rad/s; 95,000 rpm) 
Parameter  (SI U n i t s )  
Pump I n l e t   T e m p e r a t u r e  (NO. l ) ,  K 
Pump i n l e t   P r e s s u r e  (No.  2) N/cm2 
Speed,  rad/s 
Pump Bear ing   Coo lan t   Tempera tu re ,  K 
T u r b i n e   B e a r i n g   C o o l a n t   T e m p e r a t u r e ,  K 
Pump D i s c h a r g e   P r e s s u r e ,  N/cm2 
B a l a n c e   P i s t o n   C a v i t y   P r e s s u r e ,  N/cm 
B e n t l y   T r a n s h c e r   ( R a d i a l ) ,  mm 
B e n t l y   T r a n s d u c e r   ( A x i a l ) ,  mm 
A c c e l e r o m e t e r ,  Pump ( R a d i a l " ) ,  g rms 
Accelerometer   (Ax ia l ; ' : ) ,  g rms 
A c c e l e r o m e t e r ,   T u r b i n e   ( R a d i a l " ) ,  g rms 
2 
- ~ _  - 
22000 Hz Low-Pass F i l t e r  
- 
"" "~ 
P a r a m e t e r  ( E n g l  i s h  U n i t s )  
Pump I n l e t   T e m p e r a t u r e  (No. l ) ,  R 
Pump I n l e t   P r e s s u r e  (No. 2 ) ,   p s i g  
i 
, Speed,  rpm I 
I 
Pump Bear ing   Coo lan t   Tempera tu re ,  R 
T u r b i n e   B e a r i n g   C o o l a n t   T e m p e r a t u r e ,  R 
! 
i 
Pump D i s c h a r g e   P r e s s u r e ,   p s i g  
B a l a n c e   P i s t o n   C a v i t y   P r e s s u r e ,   p s i g  
B e n t l y   T r a n s d u c e r   ( R a d i a l ) ,   i n c h  
B e n t l y   T r a n s d u c e r   ( A x i a l ) ,   i n c h  
A c c e l e r o m e t e r ,  Pump ( R a d i a l " ) ,  g rms 
Accelerometer   (Ax ia l : : ) ,  g rms 
Acce le romete r ,   Tu rb ine   (Rad ia l? : ) ,  g rms 
_ _ _ _  - - - - - -. . .. . . . " 
;':2000 Hz Low-Pass F i l t e r  
10,160 
3447 
20 
__. "- 
V i  sua1 
B l u e l i n e :  59 (min) 
R e d l i n e :  48 (min)  
10,160 
AT = 6 d e g r e e s  a f t e r  
s t a b i  1 i z a t i o n  
AT = 6 d e g r e e s  a f t e r  
s t a b i  1 i z a t   i o n  
965 < P < 2895 
cav 
0.25 (max) . 
0.25 (max) 
20 
I 2o 
T a r g e t  Speed = 9947 r a d / s  
- .. ~" 
. .~~ .-. 
A u t o m a t i c  
45 (max) I I 
i i  
V i s u a l  
-. -. -  . " . . - - - " .
Blue1  ine :  85 (min)  
R e d l i n e :  70  (min) 
97,000 1 97,000 
I 
I AT = + 1 0  d e g r e e s  a f t e r  
I s t a b i  1 i z a t i o n  
. AT = + 1 0  d e g r e e s  a f t e r  
' s t a b i  1 i z a t i o n  
5000 
i 
I 
20 
1400 < Pcav < 4200 
0.010  (max) 
0.010  (max) 
20 
20 
T a r g e t  Speeci = 95,000  rpm 
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TABLE 27. ADVANCED SPACE  NGINE MARK 48-F HYDROGEN TURBOPUMP TEST  HISTORY 
(TURBOPLJMP S/N 01-0) 
Test No. 
01 6-001 
! 
I 
01 6-002 
! 
i 016-003 
! Duration, Seconds "_ 3-31 -76 
3 - 3 1  -76 
4-7-76 
016-004 ' 4-7-76 
01 6-005 
01 6-006 
01 6-007 
01 6-008 
01 6-009 
01 6-01 0 I 
! 
I 
! 
I 
i 
! 
j 
! 
I 
i 
I 
I 
I 
I 
\ 
! 
I 
! 
I 
" 
155 
33 
90 
133 
73  
1 68 
31 
31 
36 
148 
. .  " 
Accumulated 
S t a r t s  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Time, 
Seconds 
155 
188 
264 
397 
470 
638 
669 
700 
736 
884 
i 
! 
I 
i 
I 
I 
I 
Rema r ks 
1047 rad/s (10,000 rpm) maximum speed.  Average speed 
o f  524 rad/s (5000 rpm) . Shaft  speed d i s p l a y  e r r o r  by 
icated discharge pressure.  f a c t o r  o f  4.  Cu to f f  due t o  low  ind 
Target N = I989 rad/s (19,000 rpm). 
N = I619 rad/s (15,464 rpm).  Shaft 
f a c t o r  o f  2 .  Tes t  cu t  o f f  e r roneous 
p ressu re  red l i ne .  
Target N = 4712 rad/s (45,000  rpm). 
Max i mum ac tua 1 
speed d i sp lay  h igh  by 
l y  by pump discharge 
Reached 1187 rad/s 
( I  1 , 3 3 3  rpm) . Shaft speed c o u n t  i n  e r r o r  by f a c t o r  o f  2. 
Tes t  cu to f f  due t o  f i r e  i n  f a c i l i t y  pump i n l e t  l i n e  
i n s t r u m e n t a t i o n  f i t t i n g .  
Target N = 4712 rad/s  (45,000  rpm). Reached 3926 rad/s 
(37,500  rpm).  Test c u t o f f  by erroneous  overspeed  indication. 
Target N = 4712 rad/s  (45,000  rpm). Reached 4712 rad/s 
(45,000  rpm).  Test c u t o f f  by tu rb ine   rad ia l   acce le rometer  VSC.  
Target N = 6282 rad/s  (60,000  rpm). H-Q excu rs ion   a t  4712 
and 6282 rad/s  (45,000 and 60,000  rpm). T e s t   c u t o f f  due t o  
tu rb ine  bear ing  coo lan t  t empera tu re  d r i f t i ng  o f f  sca le  (-355 F ) .  
Target N = 9423 rad/s (90,000  rpm). Reached 6837 rad/s 
(65,300 rprn). Cutof f  by t u r b i n e   r a d i a l  V S C  (10 g rms). 
Sh i f t ed   t u rb ine   rad ia l   acce l   t o   obse rve r   osc i l l oscope .  
Target N = 9423 rad/s (90,000 rprn). Reached 7853 rad/s  (75,000 
rprn). Speed 1 im i ted  by a v a i l a b l e  GH2 p ressu re   ( s ta r ted   w i th  
2930 N/cm2 (4250-psig)  tank  pressure). 
Target N = 9423 - 9947 rad/s  (90,000 - 95,000 rpm). Reached 
9737 rad/s  (93,000  rpm).  Shaft speed d isp lay   count   los t .  
Pump bearing coolant temperature went o f f  s c a l e  (-355 F). 
Target N = 4712 rad/s  (45,000 rpm). Actual N = 4712 rad/s 
45,000 rpm. 
” T e s t  No. 2  (016-002) 
Test Date : 
Dura t ion  : 
O b j e c t i v e s  : 
R e s u l t s  : 
Analys i s  : 
3-31-76 
33 seconds 
1. Determine   the   in tegr i ty   o f   the   tu rbopump a t  the  idle-mode 
speed  of 1990 rad/s   (19,000 rpm) . Map the   head-f low charac- 
teristics by manual ly  adjust ing the turbopump speed and f low.  
E v a l u a t e  t h e  t u r b i n e  d i s c h a r g e  b a c k - p r e s s u r e  o r i f i c i n g .  
Countdown proceeded  without   any  problems.   Based  on  the first 
test r e s u l t s ,  the t h r o t t l e  valve test  p o s i t i o n  w a s  r e a d j u s t e d  
t o  a b o u t  35% open.  The start sequence w a s  smooth  with  no  prob- 
lems, b u t  t h e  test w a s  terminated prematurely by the turbopump 
d i s c h a r g e  p r e s s u r e  r e d l i n e  690 N/cm2 (1000 p s i g  maximum). 
It w a s  d e t e r m i n e d  t h a t  t h e  c u t o f f  w a s  e r r o n e D u s  a n d ,  i n  f a c t ,  t h e  
pump d i s c h a r g e  p r e s s u r e  was about nominal for t h e  a c t u a l  pump 
speed .  The problem was t r a c e d  t o  a p r e t e s t  pump d i scha rge   t r ans -  
ducer  change. On t h e  f i r s t  t es t ,  0 t o  3445 N / c m  ( 0  t o  5000 p s i g )  
t r a n s d u c e r  was used  but  because  of t h e  r e s o l u t i o n  o n  t h e  X-Y 
p l o t t e r  a 0 t o  345 N / c m 2  ( 0  t o  500 p s i g )  t r a n s d u c e r  w a s  i n s t a l l e d  
t o  e n a b l e  a more p r e c i s e  real  t i m e  e v a l u a t i o n  by t h e  c o n t r o l l e r  
o p e r a t o r .  The f u l l - s c a l e   v o l t a g e   o u t p u t  of t h e  3445 N/cm* (5000 
p s i g )  t r a n s d u c e r  w a s  t h e  same as t h e  f u l l - s c a l e  c o u t p u t  o f  t h e  
345 N / c m 2  (500 p s i g )  t r a n s d u c e r ,  b u t  t h e  c o m p a r a t o r  c i r c u i t  sen- 
s i t i v i t y  was n o t   a d j u s t e d .   T h e r e f o r e ,   t h e   r e d l i n e   c i r c u i t  
e r r o n e o u s l y  o b t a i n e d  a h i g h  d i s c h a r g e  p r e s s u r e  e l e c t r o n i c  s i g n a l  
a n d   a u t o m a t i c a l l y   i n i t i a t e d   c u t o f f .  The speed   moni tor   d i sp lay  
sys t em a l so  ma l func t ioned  and  w a s  i n   e r r o r  by a f a c t o r  of two. 
Actual  turbopump  speed  obtained w a s  1619  rad /s  (15 ,464  rpm). It 
w a s  de te rmined  tha t  the  problem w a s  a s s o c i a t e d  w i t h  t h e  t y p e  of 
Anadex  system  being  used.  Another  type  of Anadex system was 
i n s t a l l e d  t o  b e  more compatible  with the turbopump speed monitor-  
i n g  s y s t e m .  
2 
T e s t  No. 3 (016-003)  
T e s t  Date: 4-7-76 
Durat ion  : 90 seconds  
Ob jec t ives :  1. Map t h e  turbopump  erformance a t  4712  rad/s  (45 ,000 rpm). 
Mapping t o  i n c l u d e  a f l o w / s p e e d  r a t i o  r a n g e  o f  0 . 7  t o  1.3 
of nominal .  
2 .  E v a l u a t e   t h e   t u r b i n e   d i s c h a r g e   b a c k p r e s s u r e   o r i f i c i n g .  
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R e s u l t s  : The test w a s  te rmina ted   premature ly   by  an o b s e r v e r   d u e   t o  a f i r e  
i n  the v i c i n i t y  o f  t h e  turbopump. 
Ana lys i s :  The f i r e  w a s  caused  by a l o o s e  B-nut o n   i n s t r u m e n t a t i o n  i n  the 
LI42 system. Maximum rpm o b t a i n e d  w a s  1187  rad/s   (11,333  rpm);  
h o w e v e r ,  t h e  s p e e d  d a t a  d i s p l a y  was a g a i n  o f f  b y  a f a c t o r  o f  
t w o ,  b u t  i n d i c a t e d  a real time d i s p l a y  o f  n e a r l y  240000 r a d / s  
(23,000 rpm) . S i n c e  t h e  11-Q-rpm v a l u e s  for t h e s e  tests were 
f a l l i n g  o n  the X-Y p l o t t e r  p r e c a l c u l a t e d  m a p p i n g  l i n e s ,  i t  w a s  
d e c i d e d  t o  u s e  t h e  X-Y p l o t t e r  e x c l u s i v e l y  t o  c o n t r o l  t h e  t u r b o -  
pump o p e r a t i o n .  
Test No. 4 (016-004) 
Test Date: 
Durat ion : 
O b j e c t i v e  : 
R e s u l t s  : 
Analys i s  : 
4-  7-  76 
133  seconds  
1. O b t a i n   s t a b i l i z e d  turbopump  performance a t  1989  radls   (19,000 
rpm) f o r  real  t i m e  m a n u a l  d a t a  a c q u i s i t i o n .  
2. Map t h e  turbopump  performance a t  4712 rad/s   (45,000  rpm).  
Mapping t o  i n c l u d e  a f l o w l s p e e d  r a t i o  r a n g e  o f  0 . 7  t o  1 .3  of 
nominal.  
3 .   E v a l u a t e   t h e   t u r b i n e   d i s c h a r g e   b a c k p r e s s u r e   o r i f i   c i n g .  
The turbopump r ea l  time m a n u a l  d a t a  a c q u i s i t i o n  a t  1989  r ad l s  
(19,000 rpm) was s u c c e s s f u l l y   o b t a i n e d .   T h e  tes t  w a s  t e rmina ted  
p rema tu re ly  by the  turbopump overspeed  red l ine  dur ing  the  speed  
inc rease   f rom  1989   t o  4712 r ad / s   (19 ,000   t o   45 ,000  rpm) level .  
Maximum turbopump rpm achieved was abou t  3926 rad/s   (37,500  rpm).  
A c t u a l   s p e e d   r e d l i n e  w a s  s e t  a t  4158 rad/s  (40,000  rpm).  Turbo- 
pump o p e r a t i o n  a p p e a r e d  n o r m a l ;  t h e r e f o r e ,  t h e  r e d l i n e  was read- 
j u s t e d  t o  1 0 , 5 1 6  r a d / s  ( 9 7 , 0 0 0  rpm) maximum, and   another  t es t  
was a t  tempted. 
Test No. 5 (01.6-005) 
Test  Date: 4-7-76 
Durat ion : 73  seconds 
O b j e c t i v e s :  1. Map t h e  turbopump  erformance a t  4712  rad/s  (45,000  rpm). 
Mapping t o  i n c l u d e  a f l o w  t o  s p e e d  r a t i o  r a n g e  o f  0 . 7  t o  1 . 3  
of nominal.  
2 .   E v a l u a t e   t h e   t u r b i n e   d i s c h a r g e   b a c k - p r e s s u r e   o r i f i c i n g .  
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R e s u l t s  : The t a r g e t e d  4712 r a d / s  (45 ,000  rpm) w a s  ach ieved ,   bu t  the test 
w a s  t e rmina ted  p rema tu re ly  by  the  Vib ra t ion  Sa fe ty  Cu to f f  (VSC) 
dev ice  when t h e  t u r b i n e  r a d i a l  a c c e l e r o m e t e r  e x c e e d e d  10 g rms). 
Analys is :  A l l  turbopump  erformance  values  appeared  normal.  The d a t a  ob- 
t a i n e d  b y  t h e  t u r b i n e  r a d i a l  a c c e l e r o m e t e r  a p p e a r e d  t o  b e  i n  
e r r o r .   B e n t l y   t r a n s d u c e r s   a n d   t h e   r e m a i n i n g  two  turbopump 
acce lerometer   da ta   appeared   normal .  The t u r b i n e   r a d i a l   a c c e l e r o -  
meter w a s  r e p l a c e d  p r i o r  t o  t h e  n e x t  test. 
T e s t  No. 6 (016-006)  - 
T e s t  Date: 4-7-76 
Durat ion : 1 6 8  seconds 
Ob jec t ives :  1. Map t h e  turbopump  performance a t  4712 r a d / s  (45 ,000  rpm) . 
Mapping t o  i n c l u d e  a f low to  speed  r a t io  r ange  o f  0 .7  t o  1 . 3  
of nominal. 
2 .  Map t h e  turbopump  performance a t  6282 r a d / s  ( 6 0 , 0 0 0  rpm) . 
Mapping t o  i n c l u d e  a f l o w l s p e e d  r a t i o  r a n g e  o f  0.7  t o  1 .3  
o f nominal . 
3 .  E v a l u a t e   t h e   t u r b i n e   b a c k - p r e s s u r e   o r i f i c i n g .  
Resu l t s  : O b j e c t i v e s   o b t a i n e d   s a t i s f a c t o r i l y .  The b e s t  w a s  t e rmina ted   nea r  
t h e  c o m p l e t i o n  o f  t h e  H-Q excur s ion  a t  6282 r a d / s  (60 ,000  rpm) due 
t o  t h e  t u r b i n e  b e a r i n g  c o o l a n t  t e m p e r a t u r e  s l o w l y  d r i f t i n g  o f f  
t h e  c h a r t  s c a l e  5 8  K ,  (-355 F) .  
Analys is :  An a n a l y s i s   o f   t h e   t u r b i n e   p r e s s u r e   r a t i o   r e v e a l e d  a va lue   o f  1.44  
p e r   t h e   p r e d i c t e d   v a l u e .   A c t u a l   t u r b i n e   b a c k - p r e s s u r e   o r i f i c e  
cons i s t ed  o f  n ine  o r i f i ce s  o f  approx ima te ly  equa l  d imens ion  
i n s t a l l e d  i n  a f a c i l i t y  a d a p t e r ,  PIN 99FS010280. The a c t u a l  
g e o m e t r i c a l  t o t a l  area o f  t h e  t u r b i n e  d i s c h a r g e  o r i f i c e ( s )  i s  
4 . 1  cm2 (0 .636  i n .2 )   w i th   we l l - rounded   en t r ances .  Fo r  t h e   n e x t  
t es t ,  t h e  t u r b i n e  b e a r i n g  c o o l a n t  t e m p e r a t u r e  c h a r t  w a s  r e s c a l e d ,  
s ince  no  ab rup t  t empera tu re  rise o r  anomaly w a s  i n d i c a t e d  by t h e  
da t a .   Fo l lowing   t he  tes t ,  t h e  r a w  da t a   s igna l   o f   t he   t u rbopump 
rpm w a s  analyzed  f rom  the  high-speed FM t a p e .  From t h e  a n a l y s i s ,  
i t  w a s  ev ident  tha t  the  waveform produced  by t h e  c i r c u i t  was 
va ry ing  as a function  of  turbopump  speed. A d e t a i l e d  e x p l a n a t i o n  
of the  speed  mon i to r ing  p rob lem fo l lows .  
I 
Figure  143 s c h e m a t i c a l l y  r e p r e s e n t s  t h e  s p e e d  m o n i t o r i n g  d e v i c e  
u s e d  f o r  t h e  Mark 48-F LH2 turbopump. A permanent  magnet (PM) 
p idkup  ope ra t e s  by c o u p l i n g  t h e  f l u x  (@) p r o d u c e d  ( v i a  a n  i n t e r n a l  
PM) a c r o s s   t h e   g a p  (G)  be ing   moni tored   (F ig .  1 4 3 ) .  A s  t h e   r o t a t i n g  
body  ( turbopump  shaft)  moves p a s t  t h e  s e n s i n g  t i p  of the  permanent  
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F i g u r e   1 4 3 .   O r i g i n a l  Mark 48-F Speed  Pickup  System 
magnet with an a n g u l a r  v e l o c i t y  (w) , the  f l u x  a c r o s s  t h e  g a p  
varies as a func t ion   o f   bo th  U and G [$ = f (w, G ) ] .  The 
v o l t a g e  i n d u c e d  i n  t h e  c o i l  o f  t h e  p i c k u p  i s  expres sed  by  the  
f o l l o w i n g  e q u a t i o n :  
(Lenz ' s law) 
I f  @ d o e s  n o t  v a r y  s i n u s o i d a l l y  ( i r r e g u l a r  o r  d i s c o n t i n u o u s  g a p  
v a r i a t i o n s ) ,  IC d @ / d t  = a w i l l  no t  be  a p u r e  s i n u s o i d  b u t  w i l l  
con ta in   mu l t ip l e   ha rmon ics   co r re spond ing  t o  a ( G ) / t .  The i n t e r -  
ac t ion  of  the  p ickup source  impedance  and  the  to ta l  load  impedance  
( i n c l u d i n g  l i ne  e f f e c t s )  c a u s e s  t h e s e  h a r m o n i c s  t o  s h i f t  i n  ampli- 
tude  and  phase as (11 v a r i e s .  F i x e d  f r e q u e n c y  f i l t e r s  become i m -  
p r a c t i c a l  f o r  f i l t e r i n g  o u t  t h e s e  h a r m o n i c s  o v e r  w i d e  r a n g e s  o f  
w. Figure  144A  shows a low-frequency  waveform  recorded  from the 
Mark 48-F speed  pickup. The d i s t o r t i o n   r e s u l t i n g   f r o m   t h e   n o t c h e d  
s h a f t   c o n f i g u r a t i o n  is  r e a d i l y   a p p a r e n t .   F i g u r e  1 4 4 ~  shows  the 
same pickup  wavefarm  d is tor ted  a t  h i g h e r   f r e q u e n c i e s .  The e f f e c t s  
o f   h a r m o n i c s   s h i f t i n g   b e c o m e s   r e a d i l y   a p p a r e n t .  A s  the  waveform 
becomes  more  and  more d i s t o r t e d ,  w i t h  i n c r e a s i n g  w, d e s i g n i n g  
c i r c u i t r y  w i t h  s e n s i n g  t h r e s h o l d s  a n d  a d e q u a t e  s e n s i t i v i t y  b e c o m e s  
d i f f i c u l t ,  t h a t  i s ,  a v o i d i n g  t h e  d i s t o r t i o n  w h i l e  s i m u l t a n e o u s l y  
s e n s i n g  t h e  p u l s e ,  becomes  imprac t ica l .  
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A.  LOW-FREQUENCY  WAVEFORM 
B.  HIGH-FREQUENCY  WAVEFORM 
Figure 144. High-speed FM Tape  Analysis,  Mark 48-F 
LH2-Turbopump  rpm Test  016-006 
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F i g u r e s  14% t h r o u g h   1 4 5 c   r e p r e s e n t   s p e c t r a l   p l o t s   t h a t  show 
t h e  relative harmonic  conten t  of the waveform of  Fig.  144A and 
144B ( f requency  is  t h e  a b c i s s a  w h i l e  a m p l i t u d e  is t h e  o r d i n a t e )  
a t  d i f f e r e n t   f r e q u e n c i e s .   F i g u r e  145D ( I s o p l o t )  is a similar 
p l o t ,  a t  reduced  ampl i tude ,  and  shows the  harmonic  sh i f t  a t  4- 
s e c o n d  i n t e r v a l s  as w is  i n c r e a s e d  f r o m  z e r o  t o  6 2 8 2  r a d / s  
(60,000 rprn). 
The answer t o  t h e  s p e e d  m o n i t o r i n g  p r o b l e m  a p p e a r s  t o  b e  modi- 
f y i n g  t h e  c o n t o u r  o f  t h e  r o t a t i n g  s u r f a c e  so  t h a t  @ varies s inu -  
s o i d a l l y  w i t h  t h e  minimum harmonic   conten t .   This  w a s  an  imprac- 
t i ca l  m o d i f i c a t i o n  t o  t h e  Mark  48-F turbopump a t  t h i s  time; 
t h e r e f o r e ,  a t h r e s h o l d   t r i g g e r i n g   c i r c u i t  w a s  des igned .   F igu re  
146   r ep resen t s   t he   wave fo rm a t  about   6282  rad/s   (60,000 rpm) 
taken  f rom the  E" tape  o f  test  016-006.  Peaks A and B are t h e  
pulses  produced  by  the  two n o t c h e d  s u r f a c e s  ( e v i d e n t l y  a small 
d i f f e r e n c e  i n  g e o m e t r y  e x i s t s  b e t w e e n  s l o t  A and s l o t  B r e s u l t i n g  
i n  t h e  d i f f e r e n c e  i n  p u l s e  h e i g h t s )  w h i l e  p e a k s  C y  D ,  and E are 
the   d i s tor t ions   p roduced   by   the   harmonics .  The t h r e s h o l d   m o n i t o r  
c i r c u i t  w a s  des igned  to  count  on ly  those  waveform vol tage  ampl i -  
t u d e s   g r e a t e r   t h a n   t h e   i n d i c a t e d  level ,  H ,  of   Fig.   146.   Thus,  
t h e  d i s t o r t i o n  p r o d u c e d  b y  t h e  s y s t e m  was i g n o r e d  f o r  a l l  v o l t a g e  
l e v e l s  b e l o w ,  H .  
- Note:  During  the  assembly  and  checkout   of   the  Mark 48-0 turbo-  
pump speed  mon i to r ing  dev ice ,  t he  in fo rma t ion  and  r ecommenda t ions  
de r ived  f rom the  LH2 turbopump t e s t i n g  was u s e d  t o  d e s i g n  t h e  
speed-p ickup,   ro ta t ing-shaf t   geometry  shown i n   F i g .  147A. F igu re  
147B r e p r e s e n t s  t h e  o u t p u t  o f  t h e  same p ickup  ( a t  2094  r ad / s ,  
20,000 rpm)  when i n s t a l l e d  w i t h  t h e  m o d i f i e d  s h a f t  d e s i g n .  
C o n s i s t e n t  o u t p u t s  were monitored from 1047 to  3141 rad/s  (10,000 
t o  30,000 rpm). It a p p e a r s   t h a t   t h e   r o t a t i n g   c h o r d   ( r e p r e s e n t e d  
b y  t h e  f l a t  s u r f a c e  o f  F i g .  147A) c a u s e s  t h e  f l u x  t o  v a r y  more 
smoothly than the LH2 turbopump notched  conf igura t ion ,  a l though 
the  waveform is s t i l l  n o t  a p u r e  s i n u s o i d .  However,  enough 
improvement i n   t h e  waveform has  been  achieved  to  produce  a u s a b l e  
s i g n a l .  The d i s t o r t i o n  i s  s u f f i c i e n t l y  low s o  t h a t  e f f e c t i v e  
t h r e s h o l d s  a n d  s e n s i t i v i t y  v a l u e s  c a n  b e  set .  
Test No. 7 :  (016-007) 
T e s t  Date: 4-9-76 
Dura t ion  : 31 seconds  
O b j e c t i v e :  1. Achieve  9423  rad/s  (90,000 rpm) f o r  a s t a b i l i z e d   p e r i o d   t o  
eva lua te  the  turbopump in tegr i ty  and  per formance .  
2 .  Evalua te   tu rbopump  speed   and   moni tor   th reshold   count ing   c i rcu i t .  
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Figure 145. High-speed FM Tape Analysis, Mark 4 8 4  Turbopump 
rpm Spectral Analysis, Test 016-006 
Peak A ( n o t c h  1) 
1" Peak B (Notch 2) 
II n H 
Figure  146. O r i g i n a l  Mark 48 Speed  Pickup  Systems 
R e s u l t s  : Maximum rpm ach ieved  w a s  about  6837 r a d / s  (65 ,000 rpm)  when t h e  
V i t r a t t o n  S a f e t y  C i r c u i t  (VSC) d e v i c e  i n i t i a t e d  c u t o f f  d u e  t o  a n  
i n d i c a t e d  g r e a t e r  t h a n  20 g m s  v a l u e  a t  t h e  t u r b i n e  r a d i a l  
a c c e l e r o m e t e r   l o c a t i o n .  Turbopump performance w a s  s a t i s f a c t o r y .  
Ana lys i s :  Test r e s u l t s   i n d i c a t e d   t h a t   h e  g l e v e l   ( 2 1 0  g rms) a s s i g n e d  
w a s  t oo  low,  s ince  the  r ema inde r  o f  t he  h igh - speed  ro to rdynamic  
i n s t r u m e n t a t i o n  d i d  n o t  i n d i c a t e  a problem.  For   the  next  tes t ,  
t h e  t u r b i n e  r a d i a l  a c c e l e r o m e t e r  o u t p u t  was moved t o  a n  o s c i l l o -  
scope ,  moni tored  by  an  observer ,  and  the  red l ine  level was i n -  
c r e a s e d  t o  20 g rms. The remainder  of  the  turbopump  performance 
was s a t i s f a c t o r y .  The s p e e d   m o n i t o r   c i r c u i t   f u n c t i o n e d  
s a t i s f a c t o r i l y .  
Test No. S :  (016-008) 
Test Date: 4-9-76 
Durat ion  : 31  seconds 
Ob jec t ive :  1. .Achieve 9423 r a d / s  (90 ,000 rpm) f o r  a s t a b i l i z e d   p e r i o d  t o  
eva lua te  the  turbopump in tegr i ty  and  per formance .  
2 .  Evalua te   tu rbopump  speed   moni tor   th reshold   count ing   c i rcu i t .  
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A.  MARK 48-0 L O 2  TURBOPUMP  SPEED  PICKUP  SHAFT 
R E L A T I V E  GEOMETRY  (FOUR  PULSES  PER  EVOLUTION) 
B.  LABORATORY  TEST  RESULTS OF M A R K . 4 8 - 0   L O 2   T U R B O P U M P  
S P E E D   M O N I T O R   C I R C U I T   ( 3 1 4 1   R A D / S ,  30,000 RPM  SHOWN) 
Figure 147. Mark.48-0 LO2 Turbopump Speed Monitor  Checkout 
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R e s u l t s  : The test w a s  t e rmina ted   due   t o  a l a c k   o f   s u f f i c i e n t  GH2 t u r b i n e  
d r ive -gas  p re s su re  to  ach ieve  the  des i r ed  9423  r ad / s  (90 ,000  rpm) .  
Ac tua l  maximum turbopump speed obtained w a s  about  7853 rad /s  
(75,000 rpm) . Turbopump o p e r a t i o n  w a s  s a t i s f a c t o r y .   P r i o r   t o  
t h e  n e x t  test, t h e  GH2 s u p p l y  l i n e  a t  t h e  g a s  g e n e r a t o r  i n l e t  
connec t ion  w a s  changed from a 2.54 cm t o  a 5.04 c m  ( 1 . 0  i n c h  t o  
2 - i n c h )  o d  l i n e  t o  r e d u c e  t h e  l i n e  r e s i s t a n c e  b e t w e e n  t h e  GH2 
s p i n  valve a n d  t u r b i n e  i n l e t .  
T e s t  No. 9 : (016-009) 
T e s t  Date: 
Dura t ion :  
O b j e c t i v e :  
R e s u l t s  : 
Analys i s  : 
4-15-Z6 
36 seconds  
1. Achieve  9423 t o  9947  rad /s   (90 ,000   to   95 ,000  rpm) f o r  a 
s t a b i l i z e d  p e r i o d  t o  e v a l u a t e  t h e  turbopump i n t e g r i t y  and 
performance. 
2 .  Evalua te   tu rbopump  speed   moni tor   th reshold   count ing   c i rcu i t .  
Turbopump per formance  parameters  increased  smooth ly  unt i l ,  a t  
>8376 r ad / s  (80 ,000  rpm) ,  t he  speed  mon i to r  d i sp l ay  c i r cu i t  m a l -  
f u n c t i o n e d ,   e x h i b i t i n g  errat ic  speed   counts .  A p o s t t e s t  manual 
count  of  the  r a w  s i g n a l  rpm showed t h a t  a maximum of  9737 rad/s  
(93,000 rpm) had   been   ach ieved .   Actua l   cu tof f  w a s  i n i t i a t e d  by 
t h e  tu rbopump bea r ing  coo lan t  t empera tu re  r ed l ine  obse rve r  when 
t h e  v a l u e  e x c e e d e d  t h e  c h a r t  scale o f  58  K (-355 F). 
A rev iew of  the  r a w  turbopump rpm data  on high-speed instrumen- 
t a t i o n  showed t h a t ,  a t  i n c r e a s i n g  v a l u e s  o f  s h a f t  s p e e d ,  t h e  
absolu te   magni tude   o f   the   waveform  decreased .   Refer r ing   to  
Fig.   146 : Peaks A and B d e c r e a s e d   t o   t h e   p o i n t   w h e r e   t h e  
t h r e s h o l d  m o n i t o r  v a l u e  e x c e e d e d  t h e  a c t u a . 1  s i g n a l  o u t p u t  f o r  
peak B y  thus  halving  the  speed  count .   However ,   the   magni tude 
of peaks A and B f l u c t u a t e d  d u r i n g  t h e  t e s t ,  a c c o u n t i n g  f o r  t h e  
e r ra t ic  real time s p e e d   d i s p l a y .  No problems  or   hardware damage 
i s  suspec ted  due  to  the  h igher - than-normal  turbopump bear ing  
coo lan t   t empera tu re .  Some e l e v a t i o n   i n   b e a r i n g   t e m p e r a t u r e  i s  
t o  be expected a t  h igher  tu rbopump shaf t  speeds .  
Test N o .  10:  (016-010) 
Test Date: 4-15-76 
Dura t ion  : 1 4 3  seconds  
Ob jec t ive :  1. E v a l u a t e   t h e   i n t e g r i t y  of t h e  turbopump a t  c o n s t a n t  4712 r a d / s  
(45,000 rpm) f o r  200 seconds  o r  test s t a n d  l i m i t a t i o n .  
2 .   Evalua te   tu rbopump  speed   moni tor   th reshold   count ing   c i rcu i t  
a t  4712 rad/s  (45,000  rpm). 
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R e s u l t s  : A l l  o b j e c t i v e s   a c h i e v e d   s u c c e s s f u l l y .  . 
Analysis:   Actual  turbopump  speed w a s  h e l d   c o n s t a n t  a t  4712 r a d / s  (45 ,000 
rpm) ' f o r  t h e  d u r a t i o n  o f  t h e  test w i t h  m a n u a l  c o n t r o l  o f  t h e  GH2 
s p i n  v a l v e .  F i n a l  t h r o t t l e  v a l v e  s e t t i n g  w a s  28% o p e n i n g  t o  
t a r g e t   n o m i n a l  pump performance. The speed   coun t ing   d i sp l ay  
c i r c u i t  f u n c t i o n e d  f l a w l e s s l y  a t  the  lower  rpm 4712 r a d / s  (45 ,000 
rpm) a n d  a g r e e d  t o  a c t u a l  FM and IBM d a t a .  
Pump Hydrodynamic Performance. A d i s c u s s i o n  o f  t h e  pump hydrodynamic trends 
obse rved . in  the  tu rbopump test d a t a  is  p r e s e n t e d  i n  t h e  f o l l o w i n g .  
Head and   Ef f ic iency .   The  pump p r e s s u r e  rise is  shown as a func t ion   o f  
t h e   d i s c h a r g e   f l o w   i n   F i g .  148. R e p r e s e n t a t i v e   d a t a   p o i n t s  are shown at 
speeds   o f  4712,   6282,   7853 and 9947 r a d / s  (45 ,000 ,   60 ,000 ,   75 ,000 ,  and 95,000 
rpm) .   For   purposes   o f   compar ison ,   the   p red ic ted   p ressure  rise f o r  e a c h  o f  
t hese  speeds  i s  a l s o  shown over  a broad f low range.  A s  can  be  seen  f rom the  
f i g u r e ,  t h e  a g r e e m e n t  i n  g e n e r a l  is e x c e l l e n t .  The head rise a t  t h e  t h r e e  
l o w e r  s p e e d s  g e n e r a l l y  e x c e e d s  t h e  p r e d i c t i o n  s l i g h t l y ,  a l t h o u g h  it  a l s o  i n d i -  
cates a t rend toward a somewhat s t e e p e r  h e a d - f l o w  r e l a t i o n s h i p  s o  t h a t ,  a t  
h ighe r  f lows ,  t he  head  is be low the  p red ic t ed  a t  some p o i n t s .  
The d a t a  o b t a i n e d  a t  t h e  h i g h e s t  s p e e d  l e v e l s ,  n e a r  9423 r a d l s  (90 ,000 rpm) 
f a l l  be low  the   p red ic ted   curve .   However ,   the   p red ic ted   curves  were genera ted  
as a p r e s s u r e  rise f r o m  t h e  f i r s t - s t a g e  i m p e l l e r  t o  t h e  pump d ischarge ,  and  
were based   on   ca l cu la t ed   bea r ing   f l ow  and   t empera tu re   va lues .  To a t tempt  
t o  m a t c h  t h e  d a t a ,  a small a d d i t i o n a l  p r e s s u r e  l o s s  mus t  be  added  to  r ep resen t  
t h e  pump i n l e t  c o n f i g u r a t i o n ,  a n d  t h e  m e a s u r e d  i n l e t  b e a r i n g  f l o w  t e m p e r a t u r e  
should   be   used .  The f o r m e r  o f  t h e s e  c o r r e c t i o n s  h a s  a very  small e f f e c t ,  a n d  
i s  a func t ion   o f  the f l u i d  v e l o c i t y  s q u a r e d .  The la t te r  c o r r e c t i o n  is  n o t  
small because the measured temperature  of  the bear ing coolant  f low w a s  much 
h ighe r   t han   expec ted .  A d i scuss ion   o f   t h i s   anomaly  i s  p r e s e n t e d  i n  a sub- 
sec t ion   be low.  It  s h o u l d  b e  n o t e d  t h a t  t h e  s c a t t e r  i n  t h e  d a t a  s c a l e d  t o  
9947 r a d / s  (95 ,000  rpm) i n   F i g .  1 4 8  s h o u l d   n o t   b e   i n t e r p r e t e d  as an   i nd ica -  
t i o n  o f  a p o s i t i v e  H-Q s l o p e .  Some o f  t he  h igh - speed  da ta  were ob ta ined  
w i t h o u t  s u f f i c i e n t  s t e a d y - s t a t e  i n t e r v a l  f o r  s a t i s f a c t o r y  r e p e a t a b i l i t y .  
The p r imary  f a c t o r  p o s t u l a t e d  as cont r ibu t ing  toward  the  lower  per formance  
i s  i n c i p i e n t  c a v i t a t i o n  of t h e  f i r s t - s t a g e  impeller.  A t  t h e   h i g h e r   s p e e d s ,  
t h e  s u c t i o n  s p e c i f i c  s p e e d  o f  t h e  f i r s t  ' i m p e l l e r  is i n c r e a s i n g  w i t h  a r e s u l t -  
i n g  h i g h e r  p o t e n t i a l  f o r  c a v i t a t i o n .  T h i s  is  compounded  by t h e  h i g h e r  t e m -  
p e r a t u r e  o f  t h e  b e a r i n g  c o o l a n t  f l o w .  
Using  the  pump in l e t  and  d i scha rge  p res su re  and  t empera tu res ,  t he  pump i s e n -  
t r o p i c  e f f i c i e n c y  c a n  b e  c a l c u l a t e d .  This i s e n t r o p i c  e f f i c i e n c y  is very  sen-  
s i t i v e  t o  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  a c r o s s  t h e  pump; t h e r e f o r e ,  a t  t h e  
l a r g e r  s p e e d s  w i t h  h i g h e r  t e m p e r a t u r e  d i f f e r e n t i a l s ,  t h e  a c c u r a c y  o f  t h e  t e m -  
perature  measurement  is n o t  as c r i t i c a l  and a more a c c u r a t e  e f f i c i e n c y  c a n  b e  
determined.   For   example,   near  9423 r a d / s  (90 ,000  rpm) , t h e   t e m p e r a t u r e   d i f f e r -  
en t i a l  a c r o s s  t h e  pump is 28 t o  33 K (50 t o  60 F) b u t ,  a t  4712 r a d / s  (45 ,000  
r p m )  , i t  i s  only  about  8 K (12 F) . 
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Figure  148.  Mark 48-F Pump Performance 
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The e f f i c i e n c y  i s  e x p e c t e d  t o  v a r y  w i t h  Q/N (where Q e q u a l s  pump f l o w  i n  
gpm, and N is pump s p e e d  i n  rpm) and ,  due  to  the  thermodynamic  charac te r -  
istics of  the  hydrogen ,  w i l l  v a r y  w i t h  s p e e d .  T h e s e  e f f e c t s  are c l e a r l y  
seen i n  t h e  d a t a  i n  F i g .  149. The  measured  e f f ic ienc ies  are h i g h e r  t h a n  
p r e d i c t e d  a n d  c o n s i d e r e d  t o  b e  v e r y  good f o r  the s i ze  and  complex i ty  of t h i s  
pump. The f low range  cove red  by  the  da t a  i s  minimal,  so  t h a t  t h e  s h a p e  of 
t h e  e f f i c i e n c y  c u r v e s  as f u n c t i o n  of Q / N  i s  somewhat s u b j e c t i v e .  The d a t a  
i n  the  speed  r ange  o f  5235  to  6282 r ad / s  (50 ,000  to  65 ,000  rpm) c o v e r s  t h e  
l a r g e s t  f l o w  r a n g e ,  a n d  w a s  u s e d  t o  e s t a b l i s h  the gene ra l  shape  of the test 
d a t a  c u r v e s .  W i t h  t h e s e  c u r v e s ,  t h e  d a t a  i n d i c a t e  t h a t  t h e  p e a k  e f f i c i e n c y  
p o i n t  o c c u r s  a t  a somewhat smaller f l o w  than p r e d i c t e d ,  b u t  v e r y  near t h e  
d e s i g n  p o i n t  Q/N. The c u r v e s  a l s o  i n d i c a t e  t h a t  t h e  e f f i c i e n c y  is dropping 
more  qu ick ly  than  p red ic t ed  a t  both  the  h igh-  and  low-f low condi t ions .  With 
small pumps, i t  g e n e r a l l y  i s  more d i f f i c u l t  t o  a c h i e v e  a broad  f low range .  
Numerous in t e rna l  p re s su re  measu remen t s  were made a t  d i f f e r e n t  p o i n t s  t h r o u g h  
t h e  pump. T h e s e   i n t e r n a l   p r e s s u r e s  a re ,  of   course ,   mos t   usefu l  as d i a g n o s t i c  
i n fo rma t ion  to  uncove r  the  sou rce  o f  pe r fo rmance  de f i c i enc ie s ,  bu t  no  s ign i -  
f i can t  pe r fo rmance  de f i c i enc ie s  were  uncove red  in  the  p re sen t  test e f f o r t .  
W i t h  t h e s e  i n t e r n a l  p r e s s u r e s ,  a compar i son  wi th  p red ic t ed  in t e rna l  p re s su res  
i s  p o s s i b l e  t o  i n d i c a t e  t h e  c o n s i s t e n c y  o f  t h e  p r e d i c t i o n  a t  i n t e r m e d i a t e  
s t e p s .  Having m e t  t h e  o v e r a l l  pump pe r fo rmance   p red ic t ion ,  i t  w a s  expec ted  
t h a t  t h e  i n t e r m e d i a t e  p r e s s u r e s  w o u l d  a l s o  b e  m e t .  This  i s  s e e n  t o  b e  t h e  
case from Fig.  150 and 151, which compare predicted and test p r e s s u r e s  a t  
s e v e r a l  s t a t i o n s  a n d  a t  two d i f f e r e n t   s p e e d s .  The a c t u a l  tes t  va lues  are 
shown by symbols and are  a r b i t r a r i l y  c o r r e c t e d  b y  s t r a i g h t  l i n e s ,  n o t  
n e c e s s a r i l y  i m p l y i n g  t h a t  t h e  p r e s s u r e  v a r i e s  l i n e a r l y  w i t h  d i s t a n c e .  F o r  t h e  
p r e d i c t e d  v a l u e s ,  t h e  a c t u a l  m e a s u r e d  i n l e t  a n d  b e a r i n g  c o o l a n t  t e m p e r a t u r e s  
were used as a s t a r t i n g  p o i n t .  
A t  t he  speed  o f  6125 rad /s   (58 ,500  rpm) (F ig .  l 50 ) ,  t he  p red ic t ed  and  measu red  
v a l u e s  are v e r y  c l o s e  a t  each  po in t ,  t he  measu red  da ta  showing  somewhat b e t t e r  
p r e s s u r e  r e c o v e r y  t h r o u g h  t h e  s e c o n d - s t a g e  r a d i a l l y  o u t w a r d  d i f f u s e r  t h a n  w a s  
p r e d i c t e d .  A t  9 4 2 3  r a d / s  (90,000 rpm) (F ig .   151)   t he   f i r s t - s t age   impe l l e r   and  
d i f f u s e r  a p p e a r  t o  be  shy i n  performance.  This is  compensated  somewhat  by  the 
good per formance   of   the   second  d i f fuser .   However ,   the  loss of  performance 
i n  t h e  f i r s t  s t a g e  c o u l d  b e  i n d i c a t i v e  o f  a p o t e n t i a l  c a v i t a t i o n  p r o b l e m ,  
o r  i t  may i n d i c a t e  s i m p l y  t h a t  t h e  q u a l i t y  o f  t h e  f i r s t  i m p e l l e r ,  f r o m  a 
f a b r i c a t i o n  s t a n d p o i n t ,  i t  less t h a n  t h e  o t h e r s ,  a n d  t h a t  t h i s  i s  beginning  
t o  show d e t r i m e n t a l  e f f e c t s  a t  the   h igher   f lows   and   speeds .  It a l s o   s h o u l d  
b e  k e p t  i n  mind tha t  t hese  measu red  p res su res  are l o c a l  s t a t i c  pressures  and  
may n o t  b e  t r u l y  r e p r e s e n t a t i v e  o f  t h e  a v e r a g e  s t a t i c  p r e s s u r e  a c r o s s  t h e  
s t a t i o n ,  a n d  t h a t  t h i s  l o c a l  v a l u e  c o u l d  e a s i l y  v a r y  f r o m  a t r u e  a v e r a g e  a t  
changing   speeds   and   f lows .   In   genera l ,   the   overa l l   agreement   be tween  measured  
and   p red ic t ed   va lues  i s  considered  to   be  very  good.  - 
Suct ion  Performance.   There w a s  no p l a n  t o  r u n  a t y p i c a l  c a v i t a t i o n  test 
w i t h  pump i n l e t  p r e s s u r e  d e c r e a s i n g  u n t i l  a d rop  in  head  occur s  due  to  pump 
c a v i t a t i o n .  I n  g e n e r a l ,  t h e  pump i n l e t  p r e s s u r e  w a s  main ta ined  a t  approxi-  
m a t e l y  t h e  c o n s t a n t  v a l u e  o f  69  N/cm2 (100 p s i a )  . T h e r e f o r e ,  t h e  o n l y  c h a n g e s  
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Figure 150. Mark 48-F Pump Test Data: Run 6 ,  S l i c e  10; N = 6125 rad/s  
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Figure  151. Mark 48-F Pump Test Data; Run 9, Slice 7; N = 9423  rad/s (90,000 rpm) 
i n  t h e  s u c t i o n  s p e c i f i c  s p e e d  are t h o s e  r e s u l t i n g  f r o m  t h e  i n c r e a s e  i n  f low 
in l e t  mani fo ld)  are u s e d  t o  c a l c u l a t e  the net pos i t i ve  suc t ion  head  (WSH) ,  
t h e  r e s u l t i n g  s u c t i o n  s p e c i f i c  s p e e d s  are low th rou  hou t  t he  test e f f o r t ,  
r each ing  a maximum of  2 .09  ( rad /s )  ( m 3 / s )  1/21 (J/kg)3Y4 5700 rpm gpm1/2/ft3/4 
a t  9737  rad/s  (93,000  rpm). However, t h e  c r i t i ca l  s u c t i o n  s p e c i f i c  s p e e d  is 
t h a t  o c c u r r i n g  a t  t h e  f i r s t - s t a g e  i m p e l l e r  i n l e t .  This r e q u i r e s  m i x i n g  t h e  
e s t i m a t e d  f r o n t  w e a r - r i n g  l e a k a g e  a n d  t h e  f r o n t  b e a r i n g  c o o l a n t  f l o w  w i t h  t h e  
pump i n l e t  f l o w  t o  e s t a b l i s h  t h e  a v e r a g e  t e m p e r a t u r e  a t  t h i s  p o i n t .  
Using a 9423 rad/s (90,000 rpm) d a t a  p o i n t  as an  example ,  t he  suc t ion  s e i f i c  
speed ,  based  on  pump inlet: c o n d i t i o n s ,  w a s  2 . 0 4   ( r a d / s )   ( n ~ ~ / s ) ~ / ~ / ( J / k g )  S / E  
(5559 rpm  gprn1l2/ ( f t )  3 1 4 )  b u t ,  b a s e d  o n  c a l c u l a t e d  i m p e l l e r  i n l e t  c o n d i t i o n s ,  
w a s  2 . 4 7  ( r a d / s )  ( 1 n ~ / s ) l / ~ / ( J / k g > 3 / 4  ( 6 7 4 1  rpm gpm l l 2 / f t 3 i 4 ) ,  a 21% i n c r e a s e .  
T h i s  i n c r e a s e  i s  l a r g e ,  p r i m a r i l y  b e c a u s e  o f  t h e  h i g h  t e m p e r a t u r e  o f  t h e  
bea r ing   coo lan t   f l ow.  The necessa ry   f l owra te   t o   ma tch   t he   measu red   bea r ing  
d i scha rge  t empera tu re  is  ca lcu la ted  to  be  approximate ly  0 .00177 kg/s  (0 .0039 
l b / s e c ) .  
. and  speed. I f  t h e  pump i n l e t  p re s su re   and   t empera tu re   (ups t r eam  o f   t he  pump 
I n  a n  a t t e m p t  t o  a s s e s s  t h e  i m p a c t  o f  t h e  b e a r i n g  c o o l a n t  f l o w r a t e ,  w h i c h  i s  
d e s c r i b e d  i n  d e t a i l  b e l o w ,  a r a n g e  o f  o r i f i c e  r e s i s t a n c e  v a l u e s  was s t u d i e d ,  t h e  
I< va lues   u sed   be ing   va r i ed   f rom  1 .0   t o   1 .5 .   Through   t h i s   r ange   o f  K v a l u e s ,  t h e  
coo lan t   f l owra te   t h rough   t he   bea r ing   changed  by approximately  22%. Even w i t h  
t h e  h i g h e r  l o s s e s ,  t h e  f l o w r a t e  t h r o u g h  t h e  b e a r i n g  was 0.048 k g / s  (0.106 l b / s e c )  . 
With  f lowrate   of   this   magni tude,  i t  i s  n o t  p o s s i b l e  t o  e x p l a i n  t h e  h i g h  t e m p e r a -  
t u r e  m e a s u r e d  a t  t h e  b e a r i n g  e x i t .  
The  remain ing  parameters  tha t  can  a f fec t  the  coolan t  f lowra te  are t h e  areas 
o f  t h e  o r i f i c e s .  O r i f i c e s  3 and 6 a r e   d r i l l e d   h o l e s   w h i c h   c a n n o t   c h a n g e .  
Area A5 i s  c o n s i d e r a b l y   h i g h e r   t h a n   a n y   o t h e r   i n   t h e   s y s t e m .   T h e r e f o r e ,   t h e  
o n l y  c r i t i c a l  a r e a s  c o n c e r n i n g  t h e  f l o w r a t e  t h r o u g h  t h e  b e a r i n g  AI ,  A 7 a ,  and 
A7b. A pa rame t r i c   s tudy   o f   t hese  areas was done t o  e s t a b l i s h  t h e  areas a t  
t h e s e  s t a t i o n s  t h a t  w o u l d  r e d u c e  t h e  f l o w  t h r o u g h  t h e  b e a r i n g  t o  a ra te  a t  
which the exi t  temperature  would reach the measured value.  
Reducing only area A 1  cannot  reduce  the  f lowra te  through the  bear ing  be low a 
minimum of   approximately  0 .027  kg/s  (0.06 l b / s e c ) .   T h i s  i s  due t o  t h e  f a c t  
t h a t ,  as t h e  p r e s s u r e  d r o p  t h r o u g h  A 1  i n c r e a s e s ,  t h e  f l o w  i n  s e g m e n t  2 through 
t h e  rear wear r i n g  reverses and   f lows   th rough  the   bear ing .  It  w a s  found i n  
t h e  a n a l y s i s  t h a t  o r i f i c e  7a i s  t h e  c o n t r o l l i n g  o r i f i c e  p a s t  t h e  b e a r i n g .  
The o r i g i n a l  c l e a r a n c e  a t  o r i f i c e  7a i s  0.152 mm (0.06 inch) .   Reducing   the  
gap a t  o r i f i c e  7a t o  0.005 mm (0.0002 i n c h ) ,  w h i l e  h o l d i n g  A c o n s t a n t ,  t h e  
f l o w r a t e  t h r o u g h  t h e  b e a r i n g ,  i 3 ,  is reduced  to  0.003 kg / s  (0 .007  lb / sec ) .  
T h i s  f l o w r a t e  w o u l d  y i e l d  t h e  m e a s u r e d  e x i t  t e m p e r a t u r e  i f  t h e  b e a r i n g  h e a t  
ou tpu t  were approximate ly  1 .8  times t h a t  a n a l y t i c a l l y  p r e d i c t e d ,  w h i c h  i s  
q u i t e   r e a s o n a b l e .  A f v r t h e r  r e d u c t i o n  i n  t h e  gap a t  p o i n t   7 a   t o  0.0002 mm 
(0.0001 inch)  reduces  u3 t o  a ra te  of  0.0013 k g / s  (0.0028 l b / s e c )  d e s i g n  was 
e x p e c t e d  t o  a c h i e v e  a s u c t i o n  s p e c i f i c  s p e e d  o f  a p p r o x i m a t e l y  4 . 0 4  ( r a d / s )  
( m 3 / ~ ) ~ / ’ / ( J / k g ) ~ / ~  ( 1 1 , 0 0 0  rpm gpm 1/2 / f t3 /4 .   However ,   wi th   the  small s i z e  
o f  t h e  i m p e l l e r s  a n d  t h e  c o r r e s p o n d i n g  d i f f i c u l t y  o f  m a i n t a i n i n g  t h e  d e s i r e d  
i n l e t  t h i c k n e s s  a n d  b l a d e  a n g l e  d i s t r i b u t i o n s ,  a s u c t i o n  s p e c i f i c  s p e e d  of 
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4.04 (rad/s) (m3/~) '!~/(J/kg) 3/4 (11,000 rpm g ~ m L / 2 / f t 3 / ~ ) .   c o u l d   b e   o p t i m i s t i c ,  
speeds  o f  2 .57 
A t  the des ign  f low 
2 / ( J /kg )3 /4  7000 rpm 
rpm gpml 2 / f t 3 / 4 )  
s u c t i o n   s p e c i f i c   s p e e d  is i n l e t   p r e s s u r e  .) 
In  examin ing  a l l  o f  t h e  d a t a  p o i n t s  f r o m  tes t  9 which were near  9423 rad /s  
(90,000 rpm), there i s  a r a t h e r  c o n s i s t e n t  c o r r e l a t i o n  of h i g h e r  r e a d  rise 
w i t h  l o w e r  s u c t i o n  s p e c i f i c  s p e e d s  b a s e d  o n  pump i n l e t  c o n d i t i o n s .  T h i s  t o o  
w o u l d  t e n d  t o  i n d i c a t e  c a v i t a t i o n  e f f e c t s ;  a l t h o u g h ,  w i t h  d a t a  g r o u p e d  so 
c l o s e l y ,  t h i s  o b s e r v a t i o n  c a n n o t  b e  i n t e r p r e t e d  as ve ry  conc lus ive .  
I n  c o n c l u s i o n ,  a l t h o u g h  a p o t e n t i a l l y  l o w e r  s u c t i o n  p e r f o r m a n c e  is  i n d i c a t e d  
t h a n  was p r e d i c t e d ,  t h e  a v a i l a b l e  d a t a  do n o t  c l e a r l y  e s t a b l i s h  t h e  pump 
suc t ion  per formance .  
Bearing  Coolant  Flow. A ske tch   o f   t he  pump-end b e a r i n g ,   i n c l u d i n g   t h e  
f l o w   p a t h   o f   c o o l a n t ,   a p p e a r s   i n   F i g .  152. The p a t h   a n d   d i r e c t i o n  of t h e  
coo lan t  f l ow is  f r o m  t h e  i n l e t  t o  t h e  s e c o n d - s t a g e  i m p e l l e r  t h r o u g h  t h e  s l o t  
r e s i s t a n c e  No. 1. The f l o w   t h e n   s p l i t s ,   p a r t   g o i n g   t h r o u g h   t h e  rear wear 
r i n g  t o  t h e  f i r s t - s t a g e  impeller d i scha rge .  The remainder  o f  t he   f l ow  goes  
th rough  the  bea r ing ,  even tua l ly  d i scha rg ing  a t  t h e  f i r s t - s t a g e  i m p e l l e r  i n l e t .  
A t empera ture  probe  i s  loca ted  ju s t  downs t r eam o f  the  bea r ing ,  as shown i n  
F ig .  152. It  was f o u n d   t h a t ,   d u r i n g  a 9423  rad/s   (90,000 rpm) t e s t  ( r u n   9 ,  
s l i c e  7 ) ,  t h e  t e m p e r a t u r e  o f  t h e  c o o l a n t  e x i t i n g  t h e  b e a r i n g  was 87  K (157 R ) .  
Th i s   t empera tu re  i s  cons ide rab ly   h ighe r   t han   expec ted .  The f lowra te   o f   coo lan t  
t h r o u g h  t h i s  b e a r i n g  w a s  c a l c u l a t e d  t o  b e  a p p r o x i m a t e l y  0.045 k g / s  ( 0 . 1  l b / s e c ) .  
A n a l y s i s  o f  t h e  b e a r i n g  h e a t  o u t p u t  y j . e l d s  a t o t a l  o f  a p p r o x i m a t e l y  1118 J/s 
(1.06 B t u / s e c . )   f o r   t h e   d u p l e x   b e a r i n g   p a c k a g e .  An e s t i m a t e   o f   t h e   t e m p e r a t u r e  
a t  t h e   s e c o n d - s t a g e   i m p e l l e r   i n l e t  i s  37 K (67  R ) .  I f   d e s i g n   c o o l a n t   f l o w r a t e  
i s  a c h i e v e d ,  t h e  c o o l a n t  t e m p e r a t u r e  e x i t i n g  t h e  b e a r i n g  s h o u l d  i n c r e a s e  b y ,  
a t  most 1 t o  1 . 5  I<, ( 2  t o  3 R ) .  
Because o f  t h i s  d i s c r e p a n c y ,  a pa rame t r i c  s tudy  o f  t he  bea r ing  coo lan t .  f l ow 
l o o p  was made. A sc:hematic of t h e   r e s i s t a n c e s   e n c o u n t e r e d   b y   t h e   c o o l a n t   f l o w  
i s  shown i n   F i g .   1 5 3 .   P r e s s u r e   d r o p s   t h r o u g h   o r i f i c e s   a n d   l i n e  losses are 
a c c o u n t e d   f o r   i n   t h e  K va lues   a t   each   r e s i s t ance .   The   p re s su re   d rop   t h rough  a 
r e s i s t a n c e  i s  def ined .  as :  
Where <g. i s  mass f l o w r a t e ,  p i s  s p e c i f i c   w e i g h t ,  h is  a rea ,   and  g i s  g r a v i t a -  
t i o n a l   a c c e l e r a t i o n .  The f low  system was s o l v e d   f o r   c o n t i n u i t y   a n d   p r e s s u r e  
ba l ance   be tween   s t a t ions  1, 2 ,  and  3.  The  pressure r ise  b e t w e e n   s t a t i o n s  1 and 
2 due t o  w h i r l  on t h e  b a c k  s i d e  of the.  impel ler  was i n c o r p o r a t e d  i n t o  t h e  solu- 
t i o n .  The ana lys i s   accoun ted   fo r   dens i ty   changes   due   t o   changes   i n   p re s su re  
through the  sys tem.  
1 
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F igure   153 .   Front   Bear ing   Coolant   Res is tances  
T h e  h e a t  t r a n s f e r  ra te  ((1) f r o m  t h e  b e a r i n g s  t o  t h e  f l u i d  has t h e  r e a l t i o n s h i p :  
Q = C (T - Tin) ;d3 
p out  
Consider ing T = 87 I( (157 R )  and T i n  = 37 K (67 R ) ,  a n   a v e r a g e   s p e c i f i c   h e a t ,  
C e ,  a t  t h e  p r e s s u r e  a t  t h e  b e a r i n g  i s  approximately 0.02 J/kg-K (3.0  Btu/lb-R).  
Wl th  the  bea r ing  hea t  i npu t  o f  118 J/s ( 1 . 0 6  E t u / s e c ) ,  t h e  n e c e s s a r y  f l o w r a t e  
t o  match  the  measured  bear ing  d ischarge  tempera ture  i s  c a l c u l a t e d  t o  b e  a p -  
proximately  0.0018 kg/s  (0 .0039 l b / s e c ) .   T h i s  i s  approximately  28%  lower  f low- 
ra te  t h a n  n e c e s s a r y  t o  e x p l a i n  t h e  h i g h  t e m p e r a t u r e  a t  t h e  b e a r i n g  e x i t .  
o u t  
Reducing  the  gap a t  A t o  0.025 mm (0.001 i nch )   wh i l e   s imu l t aneous ly   r educ ing  
the  gap  a t  A 7 a  t o  0.0b5 nm (0 .0002 i n c h )  y i e l d s  a f l o w r a t e  t h r o u g h  t h e  b e a r i n g  
of   approximately 0.0015 k g / s  (0 .0033   l b / sec ) .   Th i s  i s  15% below  the   f lowra te  
expec ted  through the  bear ing  due  to  the  h igh  measured  bear ing  e x i t  t empera tu re .  
The   or ig ina l   gap  a t  A i s  0.81 mm (0 .032 i n c h ) .  1 
I n  e f f e c t ,  t o  g e t  6 3  f l o w r a t e  n e a r  t h e  f l o w r a t e  g i v i n g  t h e  h i g h  t e m p e r a t u r e  
measured a t  t h e  b e a r i n g  e x i t ,  t h e  g a p  areas of A 1  and A7a  must  be  reduced t o  
approximately 3% o f  t h e i r  o r i g i n a l  v a l u e s .  T h i s  a p p e a r s  t o  b e  a l a rge r   r educ -  
t i on  than  wou ld  be  expec ted  bu t ,  a t  t h e  p r e s e n t  time, t h e r e  i s  no  o the r  exp la -  
n a t i o n  of   the   h igh   bear ing   coolan t   t empera ture .   Examinat ion   of   the   bear ings  
a f t e r  t e s t i n g  d i d  n o t  show any  hea t -band ing  e f f ec t s  on t h e  b e a r i n g  b a l l s .  Ad- 
d i t i o n a l  t e s t i n g  w i t h  more i n s t r u m e n t a t i o n  i s  r e q u i r e d  t o  f u r t h e r  c l a r i f y  t h i s  
area. 
Balance   P is ton   Per formance .   In  a l l  o f   t he  tes ts ,  t h e   b a l a n c e   p i s t o n  ap- 
p e a r e d   t o   b e   f u n c t i o n i n g   t o   a c h i e v e  a good a x i a l  t h r u s t  b a l a n c e .  I n t e r n a l  
230 
p r e s s u r e s  were a v a i l a b l e  a t  t h e  t h i r d  i m p e l l e r  d i s c h a r g e ,  w i t h i n  t h e  b a l a n c e  
cav i ty ,  and  a t  t h e  b a l a n c e  p i s t o n  sump. T h e  p r e s s u r e  w i t h i n  t h e  b a l a n c e  c a v i t y  
would be expected to have  a magnitude between the other  two pressures .  Obser-  
v a t i o n  o f  t h e  d a t a  i n d i c a t e d  t h a t  t h e  b a l a n c e  c a v i t y  p r e s s u r e  a l s o  seemed t o  
ma in ta in  a r e l a t ive ly  cons t an t  pos i t i on  be tween  the  o the r  two ,  i nd ica t ing  ave ry  
s t a b l e  o p e r a t i o n  t h r o u g h  a l l  of t h e  t e s t e d  p o i n t s  of o p e r a t i o n .  S e l e c t e d  d a t a  
s l i ce s  are p r e s e n t e d  i n  F i g .  154 t o  i l l u s t r a t e  t h i s .  Data from  two t i m e  s l ices  
are shown as s o l i d  symbols t o  d i s t i n g u i s h  t h e  c o r r e s p o n d i n g  p r e s s u r e  b e c a u s e  
t h e s e  d i d  n o t  f a l l  i n  t h e  same r e l a t i o n s h i p  w i t h  s p e e d  as t h e  o t h e r s .  
Two s l i c e s  were examined i n  more d e t a i l  t o  d e t e r m i n e  t h e  p o s i t i o n  of t h e  b a l a n c e  
p i s t o n  b o t h  g e o m e t r i c a l l y  a n d  w i t h i n  t h e  a v a i l a b l e  t h r u s t  r a n g e .  The r e s u l t s  
are shown i n  t h e  f o l l o w i n g  t a b l e :  
TABLE28. BALANCE PISTON POSITION 
Test 
S 1  i ce  
0.75 0.722 0.679 Balance   P i s ton   Pos i t i on ,  F/Fmax?:;'; 
0 . 3 6  0.356 0 .327  Balance   P is ton   Pos i t ion ,  X/S:; 
S p e e d ,  rpm 
7 10 
';X i s  t h e  a x i a l   g a p   a t  t h e  h i g h - p r e s s u r e   o r i f i c e ,  and S i s  t h e  
- 
6 . Design P o i n t  9 
- 
58,500 95,000 9 0 , 0 0 0  
t o t a l   b a l a n c e  p i s t o n  t r a v e l .  
-:ijtF i s  t h e  t h r u s t  on t h e  ba l ance   p i s ton   f ace ,  and Fmax i s  t h e  maxi- 
m u m  a v a i l a b l e   t h r u s t   a t   t h a t   o p e r a t i n g   c o n d i t i o n .  Fmax occu r s  
w h e n  t h e  l o w - p r e s s u r e   o r i f i c e   i s   c l o s e d .  
The predicted value of  both XIS and P/F,,, i s  a l m o s t  i d e n t i c a l  t o  t h e  v a l u e s  
achieved  a t  t h e  90,000-rpm  condition.  The  internal  pressure  measurements  of 
t h e  pump a l s o  a g r e e d  we11 w i t h  p r e d i c t e d  v a l u e s .  T h e r e f o r e ,  t h e  i n t e r n a l  p r e s -  
s u r e s  o f  t h e  t u r b i n e  must a l s o  b e  v e r y  c l o s e  t o  t h e  p r e d i c t e d  v a l u e s  t o  a c h i e v e  
t h e  p r e d i c t e d  o v e r a l l  t h r u s t .  
Turb ine   Per formance .   The   f i r s t -phase   per formance   eva lua t ion  tests of t h e  Plark 
48-F turbopump  assembly were conducted with (342 tu rb ine  working  f lu id ,  and  wi th  
LH2 f low  th rough   t he  pump. The r e s u l t s  o f   t hese  tests p rov ide  a comparison of 
t h e  power developed b y  t h e  t u r b i n e  w i t h  t h e  power r e q u i r e d  by t h e  pump t o  
d e l i v e r   t h e   m e a s u r e d  pump heads   and   f lows .   These   da ta   addi t iona l ly  w i l l  e s t a b l i s h  
the  overal l   turbopump  performance.  
The fo l lowing  power c a l c u l a t i o n s  were made: 
1. Turb ine -deve loped   ho r sepower   ca l cu la t ed   w i th   t u rb ine   i s en t rop ic   en -  
t h a l p y  1Astr-r) ] a v a i l a b l e  a t  t h e  test  p r e s s u r e  r a t i o ,  GI12 working 
f l u i d  mass  f lowrate  [b t ] ,  turbopump  speed [ N t ] ,  and  turbine  component 
e f f i c i e n c y  a t  t h e  r e s p e c t i v e  tes t  c o n d i t i o n s  
, . - I  
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2. T u r b i n e  h o r s e p o b r e r  c a l c u l a t e d  w i t h  w o r k i n g .  f l u i d  t o t a l  t e m p e r a t u r e  
drop [AT T-T)] measured  across  the  turb ine ,  and  GB2 w o r k i n g  f l u i d  mass 
f low [Gc f 
3. Pump hor sepower  ca l cu la t ed  wi th  pump head and f low data  a t  the  r e spec -  
t ive  s p e e d s  s e l e c t e d  f o r  t h e  a n a l y s i s  
Turb ine  t es t  i n s t r u m e n t a t i o n  w a s  l o c a t e d  as shown on t h e  turbopump assembly 
drawing  (Fig.  155) t o  o b t a i n  t h e  f o l l o w i n g  t u r b i n e  test p a r a m e t e r s  f o r  t h e  p e r -  
formance   ana lys i s  : 
1. T u r b i n e  t o t a l  inlet  tempera ture ,  T t l ,  measured  a t  t h e  t u r b i n e  i n l e t  , 
2. T u r b i n e  i n l e t  s t a t i c  p r e s s u r e ,  Psl, measured a t  t h e  e n t r a n c e  t o  t h e  
3. Turb ine   exhaus t   t o t a l   p re s su re ,   P t2 ,   measu red   downs t r eam  o f   t he   t u rb ine  
4 .   Turb ine   exhaus t   o t a l   t empera tu re ,  T t 2 ,  measured  ownstream  of  the 
downstream of  the preburner  
f i r s t - s t a g e  n o z z l e  
exhaus t   f lange  
t u r b i n e  e x h a u s t  f l a n g e  
5. Turb ine   speed ,  
Nt 
Turbine  mass  f lowra te  w a s  c a l c u l a t e d  w i t h  d a t a  o b t a i n e d  w i t h  a v e n t u r i  a n d  
o r i f i c e  which were loca ted ,  respec t ive ly ,  ups t ream and downst ream of  the  turb ine .  
The a n a l y s i s  was pe r fo rmed   fo r  a range  of t u r b i n e   v e l o c i t y   r a t i o s  ( l J / C o  T-T) 
f rom 0 .077  to  0 .430 ,  and turb ine  speeds  f rom 1550 t o  9737 r ad / s  (14 ,800  to  93 ,000  
rpm). A t a b u l a t i o n   o f   p e r t i n e n t  t e s t  d a t a  appears  i n   T a b l e  29.  The per-  
fo rmance  ca l cu la t ions ,  wh ich  u t i l i zed  p rocess  hydrogen  gas  p rope r t i e s  a t  t h e  test 
s t a t e  c o n d i t i o n s ,  a r e  i d e n t i c a l  t o  t h o s e  u s e d  p r e v i o u s l y  t o  e s t a b l i s h  t u r b i n e  
aerothermodynamic performance with GN2 a t  t h e  Wyle L a b o r a t o r i e s ,  E l  Segundo, 
C a l i f o r n i a  . 
Turbine  i n l e t  t o t a l  p r e s s u r e  was c a l c u l a t e d  a s  t h e  sum of t h e  f i r s t - s t a g e  n o z z l e  
i n l e t  s t a t i c  pressure ,  and  dynamic  pressure  ca lcu la ted  a t  the  en t r ance  p l ane  o f  
t h e   f i r s t - s t a g e   n o z z l e .  The t o t a l - t o - t o t a l   p r e s s u r e   r a t i o  was e s t a b l i s h e d   w i t h  
c a l c u l a t e d   i n l e t   t o t a l   p r e s s u r e   a n d   t u r b i n e  tes t  e x h a u s t l t o t a l   p r e s s u r e .  The 
tu rb ine -deve loped  ho r sepower  ca l cu la t ion  u t i l i zed  tu rb ine  i s en t rop ic  ava i l ab le  
energy  (T-T) f o r  t h e  r e s p e c t i v e  test p r e s s u r e  r a t i o ,  c a l c u l a t e d  GI12 mass flow- 
rate c o r r e c t e d  f o r  GH2 c o m p r e s s i b i l i t y  ( Z )  e f f e c t s ,  a n d  t u r b i n e  e f f i c i e n c y  (T-T) 
cor responding  t o  t h e  test v e l o c i t y  r a t i o ,  as p l o t t e d  i n  F i g .  138. 
Turbine-developed  horsepower , hptd = 1.415 AT * c  - G  
(T-T) P t 
where 
C = p r o c e s s   s p e c i f i c   h e a t  
P 
Pump horsepower  [hp ] r e q u i r e d  t o  d r i v e  t h e  l i q u i d - h y d r o g e n  pump s t a g e s  was 
e s t a b l i s h e d  w i t h  pump f l u i d  h o r s e p o w e r  [ h p p f ]  a n d  t h e  pump i s e n t r o p i c  e f f i c i e n c y  
parameter  q as fo l lows .  
P 
P i  
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TABLE 29. T 
. (SI 
~ 
1 
Run . .' 
Number 
2 
4 
5 
6 
9 
9 
9 
~ ~~ 
5 
S p e c i f i c  
vo 1 urne 
a t  N- I ,  
Vsp .RTZ/pr 
m3/kg 
2.49 
0.47 
0.35 
0 .  I 6  
0.06 
0.07 
0.08  
4 .4a 
Temperature 
. e ._ . . . . ._i . 
- . - ( T t  ) ,  K "'.::(.T ) ,.K 
- . l o t~a l  Ex i t  ro:tal  ,I.nlet 
Temperature 
' '/ t l 
. .  
" 
29 I 
26 3 296 
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2 8 8 .  264 - 
2 79 
-253 280 
258 2 85 
25 I 2 86 
253 
8 9 IO 
I I 
-t- 
0.40 0.11 
2.12 0.54 
2.87 0.73 
6.20 . I  .57 
15.7 4.04 
15.3 3.93 
12.3 3.15 
48.4 0.37 48.7 
262.0- . .1.76 ".." 263.7 
. ..... 
347.3  -2.34 350 
1299 4.99 75 3 
2 102 13.2  2115 
204 1 12.7 205 3 
1564 12.9 I574 II 
3 4 4a 5 6 8 10 1 
Run 
Numbel 
-
' 2  
4 
5 
6 
, 9  
9 .  . 
9 
2 
Time 
SI I c e  
5 
8 
4 
13 , 
5 
7 
1 1  
9 
I n l e t  
m a m i  c 
Pressure 
psYa . 
(pd n) 
0.54 
2.56 
'3.40 
7.24 
19.04 
18.43 
18.79 
Spec1.f i c 
a t  N-1 
' f t3 /1br ;  
Vol urn ' 
(vsp) D ;. 
. .  
. > ,  
Pt 
Toti 1 
Inlet 
Pressurc 
(8+9) , 
ps1a 
70.0 
382.5 
507- 2 
1091.6 
3067.5 
2978- 2 
2283.0 
- .  . .  
Dens 1 ty, 
l b / f t3 . ,  . .  . 
0.025 . .  
0.132 
0 .  I79 
0.387 
0.978 
0.956 
0.769 
Tempera tu  r e  
T o t a l  E x l t  
' (Tt,) s R 
. .  . , 
Temperature 
T o t a l   I n l e t  
, . . .  
( T t l )  , R 
523.7 
532.5 
517.9 
502.8 
515.6 
513.9 
503.3 
4 l 9 . 1  
473.0 
475.0 
455.4 
451.6 
465.0 
455.5 
39.95 
7.58 
5.59 
2.58 . 
1.02 
1-05 
1.3 
0.24' 
1.20 
1.61 
3.46 
8.89 
8.65 
6.94 
. .  
70.2 
379.9 
503.8 
1884.4 
3048.5 
2959.8 
2269.1 
( S I  UNITS) 
12 17 . .  I 8  ' 19 20 , I 
P 
t2 
Tota I---  
Ex1 t 
Pressyre 
N/cm 
:: ; '' . ., HP ':Pp 
1: Turbine 1 Tu;: i ne I Cornpres.  (AP,Ah,ht),  AT(T-T).&t, hPf lu id/np'  (2) kW  kW  kW I sent  rop I c Jlkg (U) ,  m/s 
0.655 
0.693 
0.667 
0.673 
0.837 
0.833 
0.752 
68.9 
151 
203 
790 
4 33 
420 
377 
892 
917 
900 
905 
1008 
1006 
955 
.a* 07a 
184 
24 7 
518 
1340 
1302 
1036 
0.164 
0.225 1 .Ol5 204 259 162 
0.317 I .  032 493 590 42 1 
0.430 1 - 095 1489  1472 1417 
0.417 1.092 1455 1501 1371 
0.395 1.070 1078 I199 1032 
(ENGL I SH UN ITS) 
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- ~. 
Pt2 
Tota 1 
E x i t  
PressurC, 
p s l a  
. .  . . . .. 
50.0 
266.5 
358.0 
752.1 
1944.0''. 
\ 1889.3 
I503.3 
19 I8 20 13 
" 
I sent   rop  1.c 
Ava i l p b  1 e 
Energy 
(Ah ') 
. Btu?l6'. 1 .  
. , ~ j o .  j ..;. 
.. .. 
:" 180.4 
, : . ." 
173.9 
175.5 
218.1 
216.9 
195.8 
I 
Turbine 
HP 
hPAt (T) 
LT(T-T) ,it 
pump 
HP 
hpf 1 ul dl' 
hPp (P) 
12.4 
146 
217 
565 
1902 
1840 
1385 
'ressure 
Rat lo  
(T-T) 
:ompres. 
4 2 )  
1.0031 
1.01 12 
1.0148 
1.0321 
1.0945 
1.0918 
I ; 0702 
17.79 
175 . f  
273.3 
662 
I999 
I953 
1447 ' 
126.8 
358.9 
346.9 
79 2 
1977 
201 5 
1609 
1.4148 
1.4350 
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Pump horsepower,  a p f  
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, A p l o t   o f  test hp t ,   hp t ,   and   hpp  vs t u r b i n e   v e l o c i t y   r a t i o  [U/Co (T-T) 1 d a t a  
appea r s  i n  F ig .  156-  fo r  t he  test  po in t s  appea r ing  ffi Table  29.  The o v e r a l l  
agreemen,t is very .good.  The turb ine  horsepower  ca lcu la t ions  would  be  expec t ,ed  
t o  b e  somewhat l a r g e r  t h a n  the pump hor sepower  because  o f  pa ras i t i c  l o s ses .  
1. The mixing l o s s  resu l t ing  f rom hydrogen  seal l e a k a g e  e n t e r i n g  t h e  
t u r b i n e  g a s  p a t h .  T h i s  c o l d e r  h y d r o g e n  f l o w  o r i g i n a t e s  a t  t h e  pump 
and  r educes  the  ava i l ab le  ene rgy  o f  t he  gas  pa th  tu rb ine  work ing  f lu id  
b y  d i s r u p t i n g  c h a n n e l  state c o n d i t i o n s  and v e l o c i t i e s .  
2. Turb ine  mass f l o w  d a t a  were c a l c u l a t e d  w i t h  v e n t u r i  and o r i f i c e  test  
parameters  which  exper ienced  some c a l i b r a t i o n  s h i f t s  and i n s t a b i l i t i e s  
i n  t h e  h i g h e r  t u r b i n e  power test po in t s .  A review  of test c o n d i t i o n s  
a n d  d a t a  i n d i c a t e s  t h a t  c a l c u l a t e d  t u r b i n e  mass f lows were h i g h e r  t h a n  
e x p e r i e n c e d  d u r i n g  t h e  test .  An a d d i t i o n a l  mass f l o w  d i s r u p t i o n  was 
caused by seal l e a k a g e  e n t e r i n g  t h e  t u r b i n e  g a s  p a t h .  
3. T h e  p r e c i s i o n  o f  t h e  t u r b i n e  s p e e d  d a t a  at t h e  9737 r a d / s  (9300  rpm) 
test p o i n t  e x p e r i e n c e d  s l i g h t  o p e r a t i o n a l  v a r i a t i o n s  w h i c h  were t r a c e d  
t o   i n s t r u m e n t a t i o n   r e c o r d i n g   e q u i p m e n t .   T h i s   t y p e   o f   s p e e d   i n a c c u r a c y  
a d v e r s e l y  a f f e c t s  t h e  c a l c u l a t e d  t u r b i n e  v e l o c i t y  r a t i o  a n d ,  s u b s e -  
q u e n t l y ,  t h e  r e f e r e n c e  test  e f f i c i e n c y .  
The n e t  e f f e c t  o f  a l l  t h e s e  v a r i a n c e s . u p o n  t h e  c a l c u l a t e d  v a l u e  o f  t u r b i n e -  
deve loped  horsepower ,  hp td ,  could  account  for  i t  being 4.58% greater  than pump- 
r equ i r ed   ho r sepower .  A conpar i son   of   tu rb ine   (hp t )   horsepower ,   ca lcu la ted   wi th  
t o t a 1 . t e m p e r a t u r e  d r o p  a c r o s s  t h e  t u r b i n e ,  i n d i c a t e s  a 3.79%  power d i f f e r e n c e  
: w i t h  pump requi red  horsepower .  
. I n  c o n c l u s i o n ,  a review o f  t h e  t u r b i n e  test r e s u l t s  i n d i c a t e s  t h e  d e m o n s t r a t e d  
1 o v e r a l l  t u r b o p u m p  e f f i c i e n c y  h a s  m e t  the  per formance  objec t ives  of  th i s  program.  
Mechanica l  Per formance .  Tes t ing  of  the  LH2 turbopump  extended  over  10 starts, 
with '  a t o t a l  a c c u m u l a t e d  t i m e  of  884  seconds.  The l o n g e s t  s i n g l e  test d u r a t i o n  
w a s  168  seconds .  Opera t ion  ex tended  over  a ro to r  speed  r ange  o f  0 t o  9737 r a d / s  
was achieved .  
._. . I 
. .  
. (0 to  93,000 rpm);  a m a x i m u m  pump d ischarge  pressure  of  2861 N./cm2 (4150 p s i )  
The mechanical performance of the turbopump w a s  e x c e l l e n t  f o r  a n  i n i t i a l  test  
exposure.  A s a t i s f a c t o r y  c o n t r o l  o v e r  t h e  r o t o r  axial p o s i t i o n  was  main ta ined  
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Figure  156. Horsepower Cor re l a t ion  
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b y  t h e  b a l a n c e  p i s t o n  t h r o u g h o u t  t h e  test series at a l l  speed levels. It w a s  
p r o x i m i t y  t r a n s d u c e r s  t h a t  t h e  r o t o r  w a s  b a l a n c e d  t o  a v e r y  f ine d e g r e e .  I n  
g e n e r a l ,  t h e  r o t o r  d e f l e c t i o n s  a n d  s y n c h r o n o u s  a c c e l e r a t i o n  levels were ve ry  
. low,  approximately  0.076 mm (0 .003   inch)   and  5 g peak t o  p e a k ,   r e s p e c t i v e l y .  
Only minor increase i n  t h e s e  i n d i c a t o r s  w a s  e v i d e n t  when t h e  r o t o r  p a s s e d  t h r o u g h  
t h e  f i r s t  and  second c r i t i c a l  speeds .  The a c t u a l  levels o f   t h e  c r i t i c a l  speeds  
were d e t e r m i n e d  t o  b e  a t  3874 rad/s   (37,000 rpm) and  5371  rad/s  (51,300  rpm), 
c l o s e  t o  t h e  p r e d i c t e d  v a l u e  o f  3141 r a d / s  (30,000 rapm) f o r  t h e  f i r s t  c r i t i c a l  
and  5444 r ad / s   (52 ,000  rpm) f o r   t h e   s e c o n d  c r i t i ca l .  There w a s  no evidence  of  
subsynchronous motion a t  a n y  s p e e d  l e v e l  w i t h i n  t h e  e x p l o r e d  r a n g e  o f  0 t o  9737 
r a d / s  (0 t o  93,000 rpm). 
. e v i d e n t   f r o m   t h e   r o t o r d y n a m i c   i n d i c a t o r s   s u c h  as acce le romete r s   and   Ben t ly  
The operat ion  of   the  turbopump  appeared  smooth  during  the tes t  series. Each 
t es t  w a s  c h a r a c t e r i z e d  by a smooth quic:k response s t a r t  as w e l l  as a smooth 
coastdown a t  c u t o f f ,  i n d i c a t i n g  a s a t i s f a c t o r y  t r a n s i t i o n  i n  t h e  a x i a l  c o n t r o l  
o f  t h e  s h a f t  p o s i t i o n  f r o m  t h e  b e a r i n g s  t o  t h e  b a l a n c e  p i s t o n .  
The  turbopump was  d isassembled  af te r  thb  conclus ion  of  the  test series t o  p e r m i t  
v i sua l   i n spec t ion   o f   t he   componen t s .   F igu re   157  shows t h e   c o n d i t i o n   o f   t h e  more 
s i g n i f i c a n t   p a r t s .  The pumps components are shown s e p a r a t e l y   i n   F i g .   1 5 8 .  None 
o f  t h e  c o m p o n e n t s  d i s c l o s e d  a n y  s i g n  o f  s t r u c t u r a l  d i s t r e s s ,  i m p e n d i n g  f a i l u r e ,  
o r  e x c e s s i v e  d e f l e c t i o n .  
Minor   d i screpancies  were no ted  i n  two areas o f   t he  pump. A s  shown i n   F i g .  159, 
t h e  s i lver  p l a t i n g  f r o m  t h e  w e a r - r i n g  p l a t f o r m s  a t  t h e  t h i r d - s t a g e  i m p e l l e r  
f r o n t  s h r o u d  h a d  p a r t i a l l y  f l a k e d  o f f ,  p r o b a b l y  as a resu l t  o f  poor  bonding  be-  
tween t h e   p l a t i n g   a n d   p a r e n t  metal. It i s  e x p e c t e d   t h a t  more s t r i n g e n t   p r o c e s s  
c o n t r o l  a t  t he  vendor  w i l l  e l i m i n a t e  a similar p r o b l e m  i n  t h e  f u t u r e .  
The o ther  minor  d iscrepancy  was a s l i g h t l y  more ex tens ive  rubb ing  be tween  the  
b a l a n c e   p i s t o n   l o w - p r e s s u r e   o r i f i c e   s u r f a c e s   t h a n  was a n t i c i p a t e d .  The  condi- 
t i o n  of t h e  r o t a t i n g  a n d  s t a t i o n a r y  o r i f , i c e  s u r f a c e s  i s  i l l u s t r a t e d  i n  t h e  en- 
la rged   photographs  of  Fig.   160  and  Fig.   161.  On f u t u r e   b u i l d s ,   t h e   e x t e n t   o f  
t h e  r u b b i n g  s h o u l d  b e  r e d u c e d  b y  i n c r e a s i n g  t h e  b e a r i n g  a x i a l  l o a d .  
The b e a r i n g s  are shown i n  F i g .  1 6 2  w i t h . t h e  b e a r i n g  c a r t r i d g e s ,  s p r i n g s ,  and 
space r s .   The   su r f ace   cond i t ion   o f   t he  races and b a l l s  w a s  s a t i s f a c t o r y .   B a s e d  
on t h e  wear t r a c k ,  i t  i s  e s t i m a t e d  t h a t  t h e  t u r b i n e  and  bear ings  were s u b j e c t e d  
t o  a maximum a x i a l  l o a d  of 530 pounds. 
The p o s t t e s t  c o n d i t i o n  o f  t h e  s h a f t  d y n a m i c  s e a l  was e x c e l l e n t .   T h e r e  was no 
i n d i c a t i o n  o f  o v e r h e a t i n g ,  s c o r i n g ,  o r  g r o o v i n g ,  e i t h e r  on t h e  seal  r i n g s  o f  
t h e  m a t i n g  s u r f a c e  o r  t h e  s h a f t .  
The  two turb ine  wheels  and  the  second-s tage  nozz le  are shown i n  F i g .  1 6 3 .  No 
s i g n   o f   a x i a l   r u b b i n g  was ev ident   on   the   tu rb ine   components .   Radia l ly   minor  
r u b b i n g   o c c u r r e d   a t   t h e   s e a l i n g   l a n d   s u r f a c e s   a s   e x p e c t e d .   T h e   c o p p e r   p l a t i n g  
u s e d  o n  t h e  s t a t i o n a r y  s e a l i n g  s u r f a c e s  t o o k  t h e  c o n t a c t  w e l l ;  t h e r e  were no 
s i g n s  of e r o s i o n ,   g a l l i n g ,   o r   f l a k i n g .  
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lHS55-6/23/76-ClF* 
Figure 157. Mark 48-F Turbopump  Hardware  After  Testing 
N 
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lHS55-6/23/76-ClA* 
Figure 158. Mark 48-F Pump  Components  After Testing 
Figure  159. Mark 48-F Pump Third-Stage  Front Wear-Ring 
S i lve r  P la t ing  F lak ing  
N * 
N 
lHS55-6/23/76-ClG* 
Figure 160. Mark 48-F Balance  Piston  Low-Pressure  Orifice  After  Testing 
lHS55-6/23/76-CID* 
Figure 161. Mark 48-F Balance Pis ton  Low-Pressure Orifice  Rub  Ring  After  Testing 
lHS55-6/23/76-ClE* 
Figure  162.  Mark 48-F B e a r i n g s   P o s t t e s t  
lHS55-6/23/76-ClB* 
F i g u r e  163. Mark 48-F Turbine  Components  P o s t t e s t  
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DESIGN  GROUND  RULES 
G e n e r a l  
Components  which a r e  s u b j e c t  t o  a 1cn~ cycle f a t i g u e  'node  of fai lure 
s h a l l  be  des igned  fo r  a minimum of 300 c y c l e s  t i m e s  a s a f e t y  f n c ' t o r  
of 4. 
Conlponents  which are s u b j e c t  t o  a f r a c t u r e  mode of  f a i l u r e  shall be 
d e s i g n e d  f o r  a minimwn of  300 c y c l e s  t i m e s  a s a f e t y  f a c t o r  of 4. 
Componen t s  wh ich  a re  sub jec t  t o  a h i g h  c y c l e  f a t i g u e  mode o f  f a i l -  
u r e  s h a l l  be d e s i g n e d  w i t h i n  t h e  a l l o w a b l e  s t r e s s  r a n g e  d i a g r a m  
(based   on   the   mater ' i a l   endurance  l i m i t ) ,  I f  s t r e s s   r a n g e   m a t e r i a l  
p r o p e r t y  d a t a  a r e  n o t  available, modif ied  Goodman diagrams con-  
s t r u c t e d  a s  shown b e l m  s h a l l  be u t i l i z e d .  
ul 
a -  
u m 
Fe 
&.I 1.33 
i 
F, = Mater ia l   Endurance  L i m i t  
F t y  = M a t e r i a l  Y i e l d  S t r e n g t h  (.2% o f f s e t )  
Ft, E M a t e r i a l  U l t i m a t e  S t r e n g t h  
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Effcct lvc stress shrill be based on t he  Miscs - lkncky  cons t an t  ene rgy  
of d i s t o r t i o n  t h e o r y .  
Unl.cne otherwise  notcd  under   component   ground ru l e s  s p e c i f i e d  h e r e -  
in, t h e  f o l l m i n g  minimum f a c t o r s  o f  s a f c t y  s h a l l  bc u t i l i z e d :  
F a c t o r  of S a f e t y  (.2% y i e l d )  = 1.1 ?i L i m i t  Load 
F a c t o r  o f  S a f e t y  ( U l t i m a t e )  = 1.4 x L i m i t  Load 
L i m i t  Load:  The maximum p r e d i c t e d  l o a d  o r  p r e s s u r e  a t  
t h e  m o s t  c r i t i c a l  o p e r a t i n g  c o n d i t i o n  
C o m p o n e n t s  s u b j e c t  t o  p r e s s u r e  l o a d i n g  s h a l l  b e  d e s i g n e d  t o  t h e  
f o l l o w i n g  minimum proof  and  bu r s t  p re s su res :  
P r o o f  P r e s s u r e  = 1 .2  x L i m i t  P r e s s u r e  
B u r s t  P r e s s u r e  = 1.5 x L i m i t  P r e s s u r e  
I m p c l l c r  
I n d u c e r s  a n d / o r  i m ' p c l l e r s  u t i l i z e d  i n  t h e  h i g h  p r e s s u r e  pumps s h a l l  
be  deGigned f o r  o p e r a t i o n  a b o v e  i n c i p i e n t  c a v i t a t i o n .  
I m p e l l e r  b u r s t  s p e e d  s h a l l  be a t  l e a s t  20% above  the  maximum oper- 
a t i n g  s p e e d .  
I m p e l l e r  e f f e c t i v e  s t r e s s  a t  5% above the maximum o p e r a t i n g  s p e e d  
s h a l l   n o t   e x c e e d   t h e   a l l o w a b l e  .2% y i e l d   s t r e s s .  (Does n o t   a p p l y  
t o  a r e a s  i n  w h i c h  10~31 y i e l d i n g  i s  pe rmi t t ed . )  
T u r b i n e  
B l a d e  r o o t  s t e a d y - s t a t e  s t r e s s  s h a l l  n o t  e x c e e d  t h e  a l l o w a b l e  1% 
t e n  h o u r  c r e e p  s t r e s s .  
Stress s t a t e  a t  t h e  b l a d e  r o o t  a s  d e f i n e d  by t h e  s t e a d y - s t a t e  s t r e s s  
a n d  a n  a s s u m e d  v i b r a t o r y  s t r e s s  e q u a l  t o  t h e  g a s  b e n d i n g  s t r e s s  
s h a l l  be w i t h i n  t h e  a l l o w a b l e  s t r e s s  r a n g e  d i a g r a m  o r  m o d i f i e d  Good- 
man diagram. 
No b l a d e  n a t u r a l  f r e q u e n c i e s  w i t h i n  ~ 1 5 %  of known s o u r c e s  of e x c i t a -  
t i o n  a t  s t e a d y - s t a t e  o p e r a t i n g  s p e e d s ,  
D i s k  b u r s t  s p e e d  s h a l l  he  a t  l e a s t  20% above  the maximum o p e r a t i n g  
speed .  
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Disk maximum c f f c c t i v e  stress a t  5% above  the  maximum o p e r a t i n g  
s p c c d '   s h a l l   n o t   c x c c e d   t h e   n l l o w a b l e  .2% y i e l d  stress .  (Docs not: 
a p p l y  t o  a r e a s  i n  w h i c h  l o c a l ' y i c l d i n g  i s  permitted' .)  
B e a r i n p s  
Turbopump d e s i g n s  s h a l l  u t i l i z e  b a l l  b e a r i n g s .  
Maximum DN: 2 . 0 ~ 1 0  6 
B ~ o  l i f e   1 0 0   h o u r s  
M a t e r i a l :  
Rolling Elements 
Races  
44oc 
44oc 
S e a l a  
Turbopump designs s h a l l  u t i l i z e  c o n v e n t i o n a l  t y p e  s e a l s .  
F a c e  c o n t a c t  s e a l  maximum PV, FV, and  PfV f a c t o r s : *  
PV F a c t o r  
FV F a c t o r  
P fV F a c t o r  
50,000 10,000 
4,000 800 
200,000 20,000 
jcpV = u n i t   l o a d   t i m e s   r u b b i n g   v e l o c i t y   ( l b / i n  x f t / s e c )  
FV = f a c e  l o a d  per u n i t  l e n g t h  t i m e s  r u b b i n g  v e l o c i t y  
PfV c f l u i d  p r e s s u r e  d i f f e r e n t i a l  times r u b b i n g  v e l o c i t y  
2 
( l b / i n  x f t / s e c )  
( p s i g  x f t / s e c )  
C r i t i c a l  Speed 
R o t o r  b e n d i n g  f r e q u e n c y  s h a l l  b e  a t  l e a s t  25% above  the  ro to r  max i -  
mum o p e r a t i n g   s p e e d  . 
A minimum margin of  20% s h a l l  b e  m a i n t a i n e d  b e t w e e n  r o t o r  r i g i d  
body c r i t i c a l  s p e e d s  and r o t o r  s t c a d y - s t a t e  o p e r a t i n g  s p e e d s  a t  
f u l l   t h r u s t  and  the  pumped-idle   thrust   condi t ion.   Rigid  body 
c r i t i c a l  s p e e d s  w i t h i n  the t h r o t t l c d - t o - f u l l  t h r u s t  r a n g e  s h a l l  b e  
p e r m i t t e d  o n l y  i f  deemed necessa ry  by  bo th  the  Con t rac to r  P rogram 
Nanagcr  and the NASA P r o j e c t  E n g i n e e r .  
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APPENDIX C 
MARK 48-F TEST 
.SEQUENCE 
c 
LH2 Pump Inlet Conditioning and Sequence Start  (Sheet 1) 
I 
J 
PRETEST LH? T I P  
SPlNUP 
OPEN GH1 SPIN 
V A L V E  TO TEST 
POSITION 
1 
SHEET 
3 
SPIN "I\L"E 
J 
I 1 N O  
c 
Turbopump Spin-Up and Test S t a r t  (Sheet 2 )  
A I '  
L 
I  
I 
Mainstage and Cutoff (Sheet 3) 
. 
APPENDIX D 
I MARK 48-F TEST 
1. DATA 
P K 4 8 - F  
LIQUID HYCROGEN T U K P C P l l H P   A S S E M B L Y  
PAGE 9 .  1 
PRECESSING C A T  E 05-5-76 
I;L;MMc.dTs 
TbG I'IJPIIJ K E C U C T I i Y   R E S E A R C H   S T A V C  C16 
T U k  QHZ FLOW IS C A L C U L b T E D  F R t Y  TLRB CISCH C R I F I C E  DELTA P. * NO C A T b  
A A d I E N T  P R E S S U R E  
L J Z  V E U T u X I  ( G G I  
I IPL IRIEAM C I A M E T E R  
T F X C A T  C I A N E T E R  
THqdAI C C  
G H Z  VE. 'JTUKI  ( T U R B )  
LPSTXEAH DIAi!ETER 
T H Z U A T  C C  
T H J . ~ J A T   C I A V E T E R  
LHZ V E N T a K I  I G G )  
U P S T i t E A P  C I A P E T E R  
T H R U A T  C I A q E T E R  
T H i l c j U T  C C  
LtiZ VE'qldRI (PUMP O I S C H  1 
L i P S r i t E A Y  C I A P E T E R  
JHdUAT C I A M E T E R  
THRCkl  C C  
13.5703 
C.9570 
c . 3 7 4 3  
t .9883 
S . 3 O O O  
1,3085 
9.99 13 
1 6890 
0.7090 
C .Y 763 
1.6390 
C. 8903 
C.9710 
. 
C K 4 8 - F  
LIQUID H Y D R O G E h  TUSBCFUlYP b S S E M B L Y  
R L h  hUYHEK 3 
T E S T  C P T E  
PAGE 9. 2 
P R O C E S S I N G  C A T €  
T I ; i E  
SL I C E  
Xd 
1 
2 
3 
4 
5 
6 
I 
5 
9 
1 .I 
11 
1 2  
l i A S t J J S  H Y D R C G E N  T C i R E I . \ I E  D R I V E  P A R A M E T E R S  
R E G  
u /  s 
iJ2 
( P S I A )  
4 2 6 9 ,  i l  
4 2 d 6 . 6 7  
4 i4 I .S7  
4 2 3 0 . 4 7  
4 C 2 6 .  c 7  
3281 e 7 7  
3 8 4 3 . 1  I 
3 1 4 J . 7 7  
3 5 L S . 6 1  
2 2  I S .  1 7  
2316. 5 7  
2CL2.47 
V E X T U R I  
u / s  
PK 
( P S I A )  
4 2 4 6 . 1 7  
4 1 8 1 . 8 7  
4115.E7 
3 0 9 3 . 3 7  
3 9 6 5 . 6 7  
3 9 4 2  -37 
2 8 9 3 . 3 7  
37Cd.67 
3 4  7 2 . 5 1  
3 2 5 9 . 5 7  
2EEC.27 
2 C E i . F  7 
V E K  T L R  I 
L I S  
1 E I.1 ? 
I D E G  R )  
5 1  L . 3 3  
510. 7d 
51C.63 
5 3 s .  7 1  
5cs .59  
5 c s . 5 4  
5G8.2'5 
5c.7.43 
5c5.03 
592 .18  
4S7.13 
4 ' j  1 . 7 0 
S F L K  
V P L V E  
F C S b  
c .  7 7  
0.7d 
C . 4 2  
- 3 .  LS 
- 0 .  LC 
-0.20 -0. 3 3  
-0 .54  
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